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I. OBJECTIVES (as proposed)

The overall goal of this program is to develop an understanding of the dual-functional nature
of ionic liquids (ILs) and their inherent design flexibility that will allow the custom synthesis of
targeted structures tuned to exhibit the desirable chemical and physical attributes sought by the
Air Force in energetic materials. The hypothesis for the proposed work is that a fundamental
understanding of ILs and the interionic interactions responsible for IL behavior, will allow
compartmentalized molecular level design of a wide range of new energetic materials, as well as,
novel performance enhancement and delivery options. ILs, for example, may make a unique
delivery system for energetic fluids: one ion can be fine tuned for its energy content, while the
second ion can be independently fined tuned to provide oxygen balance and the optimal physical
properties or vice-versa. In addition, IL strategies can take advantage of the dual nature of ILs to
realize ready property enhancement or safe delivery options. Codification of the relationships
between ionic structural features and the physical/chemical properties will allow the prediction
of structures and functions. We, thus, propose the following objectives:

Objective 1: Modular design, synthesis, screening, and evaluation of IL components to
create an IL toolbar for meeting each AF target criteria. Each AF target criteria (e.g.,
melting point depression, increase of density, vapor pressure depression, decrease of viscosity,
long-term thermal stability, thermal stability enhancement, heat of formation, and improved
combustion) will be investigated separately to allow for a better understanding of how
introduction of a specific property in either ion affects the IL properties as a whole. The result
will be an IL toolbar from which target EILs can be carefully designed and evaluated.

The specifications of desirable and explicit requirements for energetic IL materials suggested
by the AF are shown in Table 1. Realizing the capability of EILs to address these current needs
for advancement in energetic materials development, the task is, then, to learn how to
incorporate all of the desirable features into a final material, develop fast and easy synthetic
protocols, and enable safe and efficient delivery, handling and storage procedures.

Table 1. AF performance requirements for ElLs.

Physical Properties Thermodyuamic properties

Mp <-40°C Heat of formation as positive as possible

Viscosity <1cPsat0°C Heat of combustion > 6 keal g

Density > 1.4 g/mL Thermal stability

Vapor pressure ~ 0 psi

Surface tension <100 dyne em™ | TGA (75 °C, isothermal) < 1% over 24 h
DSC (10 °C/min) > 120 °C for Tyceomp

Hazard Sensitivity Toxicology

Impact >50 kg cm LDs, >0.5gkg"

Friction >120N AMES Negative

Detonation class 1.3

Electrostatic discharge > 5000V at 0.25J

The Modular Design will focus on careful selection and synthesis of target compounds (new
and existing), that target each specific property needed in an iterative fashion. Each target
property will be investigated separately to allow for a better understanding of how optimizing
each target influences the global IL properties. This approach allows each design study to focus
on a primary attribute (e.g., heat of formation or density), while secondary attributes (e.g.,
melting point, viscosity, etc.) can be optimized by either redesign of the ions (continuation of
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Objective 1) or by performance enhancement (see Objective 3). The result will be an IL toolbar
from which a variety of IL design options can be brought to bear on any synthetic scheme based
on the desired set of final IL properties.

The design strategies will focus on the remarkable dual-functionality of ILs. The structural
modifications of both ions will include: (i) substituent modification of alkyl chain length and
composition (branched vs. linear, or saturated vs. unsaturated, unsubstituted alkyl chain vs.
energetically substituted) directly appended to the heterocyclic rings, as well as, appended to
core atoms; (ii) oxygen-balance; (iii) change in position on a heterocycle core; (iv) energetic
functionality; and (v) other structure-dependent changes (ring strain, vinylogous functions, etc.).
Each modification will be directed towards melting point depression, increase of density, vapor
pressure depression, decrease of viscosity, long term thermal stability, thermal stability
enhancement, heat of formation, and combustion improvement.

Target compounds will be prepared and evaluated using the established protocols developed
at UA for assessing IL properties.' Key physical properties to be measured include: (i) melting
point; (ii) stability and phase transitions; (iii) decomposition temperature and characteristics
(exo- or endothermic); (iv) heat of formation; (v) heats of combustion; (vi) temperature of
exothermic decomposition (using Acceleration Rate Calorimetry); (vii) density; (viii) viscosity;
(ix) surface tension of IL materials; and (x) crystal structure studies as appropriate.

In the characterization of the material, the physical properties of the newly obtained salts will
be compared with those of other examples in each examined series for detection of possible
pattern agreements or digressions. It is at this crucial point where the design requires thorough
evaluation: Was the intended product obtained? Does it meet the required specifications?

Each AF target property will be separately considered as the primary property, and all other
target properties will be designated as secondary during any given iteration. This modular
approach, which independently considers each property as primary at any given time, will allow
for the construction of an IL toolbar containing utilities for each specified property. In the
example provided below, the primary property was set to be heat of formation.

In this particular example, computational analyses and previously reported findings will be
enabled as the specific tools for the prediction of the heats of formation of targeted structures.
The synthetic protocols will then be chosen for the target molecule. The primary and secondary
properties of the product will be screened with bomb calorimetry and ARC calorimetry
measurements to obtain experimental values for heat of formation, heat of combustion, self-
heating rate maximum, and character of decomposition process (exo- or endothermic, and rate of
exothermal decomposition), which will be compared with the computationally predicted values.
If the observed properties are in close agreement with the targeted specifications, the compound
will be cleared for the next phase and the incorporated functionalities will be added to the IL
toolbar.

At the point of our modular approach, where target EILs can be expected which exhibit the
specified results, IL synthetic protocols (developed independently under Objective 2), will be
implemented to improve the synthesis (e.g., halide-free or byproduct-free synthesis) and/or the
delivery of the target functionality (e.g., the safe delivery of separately tuned modular units that
may be combined and used on-site when needed). If the best available EIL does not meet all of
the specified criteria — (i) the structure of the target compound will be redesigned following the
structure modification step stated in Objective 1, or (ii) enhancement of performance will be
considered through methods described in Objective 3.




Objective 2: New synthesis protocols and delivery of the materials. Utilizing present and
past discoveries in 1L synthetic methodology, we will develop new, halide- and metal-free, time-
and cost-efficient, and more environmentally-benign synthetic protocols to target ions identified
in Objective 1. We will also modify or develop protocols that allow for the safe transport of the
reactive components and formation of desired product on-site when needed and with only benign
byproduct formation (e.g. MeOH, COs).

Objective 3: Performance enhancement. We will utilize the ionic nature of ILs to enhance
performance of selected ‘near-miss’ target materials by modification of the multi-component
composition (not structural modifications). Such approaches will include multiple ion mixtures
for depression of the melting point, density, and/or viscosity (eutectic mixtures), or the utilization
of the unique solvent properties of ILs allowing dissolution of property modifiers.

Objective 4: Development of models to describe and predict performance properties.
The current 'rules of thumb' methodologies used for IL design, particularly with relevance to this
program, will be codified using QSPR models that relate the structure of the ions, as expressed
by their connectivity, geometry, charge distribution, and quantum chemical parameters, to the
observed physical and thermodynamic properties (melting points, decomposition temperatures,
and other rheological data to be collected). The QSPR models will be used to understand and
predict the way in which rational design strategies can be adopted.

II. STATUS OF EFFORT

Synthesis and characterization. To address Objective 1 of the proposed work, the dual-
functional nature of ILs has been exploited towards selective formation of new salts, where
cation/anions are varied by structural modification and or ion exchange techniques. New classes
of azolium azolate salts featuring ammonium, phosphonium, pyridinium, and imidazoliuim
cations were obtained and isolated with a diverse group of azolate anions including nitro-
substituted benzotriazolate, benzimidazolate, 1,2.4-triazolate, and imidazolate, as well as
tetrazolate and nitrile-functionalized imidazolate.” Synthesis of candidate ILs was also achieved
obtaining N-cyanoalkyl-functionalized imidazolium nitrate and dicyanamide salts’*  As
electron-withdrawing groups (e.g., nitro, nitrile) directly appended to the azole core tend to
deactivate the nucleophilicity of the ring for further substitution (e.g., N-alkylation to form
quaternized azolium cation), the synthesis of ILs with either stable azolate anions or cations with
energetic group appended to N-alkyl chains both represent strategies for EIL synthesis to
circumvent synthetic obstacles.

In addition, novel synthetic protocols were developed for Objective 2 that enable more
efficient methods of EIL delivery, where the halide-free synthesis of hydrogen carbonate-based
ILs via a methylcarbonate route serves as a demonstrated example.”®’ 1,2,3-
trimethylimidazolium and N,N-dimethylimidazolium hydrogencarbonate salts from this protocol,
then, provide easy access to chloride, nitrate, picrate, and perchlorate exchanged EILs by way of
simple Bronsted acid-base chemistry. This work was advanced further, where the synthesis of
azolium azolate salts was reported by the reaction of either hydrogen carbonate or 1,3-
dimethylimidazolium-2-carboxylate with the generation of CO, and water as the only by-
products. In another study, the utilization of ammonium perchlorate (AP) as a feedstock for the
synthesis of new perchlorate-based salts (some ILs) was showcased through three distinct routes
involving (i) reaction of AP with neutral amines with ammonia as by-product (ii) formation of
perchloroate-based  salts from Krapcho-type decarboxylation reaction with 1,3-



dimethylimidazolium-2-carboxylate and (iii) anion exchange of perchlorate with chloride-based
phosphonium salts for the separation of phosphonium perchlorate ILs and recovery of NH,C1.2

Also within the scope of Objective 2 was the successful effort to introduce and
experimentally demonstrate a novel design platform for the general synthesis of bridged multi-
heterocyclic compounds.” For the initial demonstration, the synthesis of bi-heterocyclic, alkyl-
bridged imidazolium-tetrazolate targets was achieved, where flexibility of structure, charge, and
symmetry is shown in the conversion of a common 1-cyanomethylimidazolium chloride salt to
(i) a Zn-coordinated 1-(5-tetrazolidyl)methyl-3-methylimidazolium zwitterion via Click
chemistry, (ii) the removal of Zn to obtain 1-(5-1H-tetrazolyl)methyl-3-methylimidazolium
chloride as the ‘cationic’ form of the material, and (iii) the removal of HCI from the structure to
result in the free zwitterion 1(5-tetrazolidyl)methyl-3-methylimidazolium. Likewise, starting
from a neutral precursor the ‘anionic’ form of Click cycloadducts may be accessed as was the
case here with the synthesis of the sodium salt of 1-(5-tetrazolid-2-yl)ethyl-1,2.,4-triazole from
the Click reaction of 1-(2-cyanoethyl)-1,2 4-triazole. The fast and general scope of using N-
cyanoalkyl-functionalized cations as Click precursors is shown with the synthesis and
characterization of a homological series of Zn-containing 1-(5-tetrazolidyl)alkyl-3-
alkylimidazolium zwitterions, where reaction rate information from an NMR study indicates that
these products form very fast under ambient, aqueous conditions.'® Finally, the synthesis of tri-
heterocyclic zwitterion 1-(2-(5-1H-tetrazolyl)ethyl)-3-(5-tetrazolidyl)methylimidazolium and its
conversion into both room-temperature cationic or anionic ionic liquids by known IL-based
strategies serves as proof-of-concept for the diversity available through this approach.

The Objective 3 effort is embodied through our team’s study of methods to enhance the
performance properties of IL-based systems. First, the initial discovery of hypergolic reactivity
was established in hydroxyhydrazinium-based ILs, namely 2-hydroxyethylhydrazinium nitrate
and dinitrate.'’ Each IL was found to self-ignite over a commercially available Shell 405
catalyst, which suggest potential replacement for the more volatile hydrazine that is in common
use as a propellant. Second, the formation of IL eutectic mixtures to achieve desired
performance parameters (e.g., melting point reduction) has been systematically examined, where
neutral acidic azoles 4-nitro-1H-1,2,3-triazole and 4,5-dinitro-1H-imidazole are combined in
calculated formulation with 1,3-dimethylimidazolium-2-carboxylate to react in Krapcho-type
decarboxylation and result in a 3-component eutectic mixture. >

II1. MAJOR ACCOMPLISHMENTS'"*

1. Demonstration of how the dual-functional nature of IL.s may be utilized to target and/or
understand specific properties trends (e.g., melting point, thermal stability) though the
modular synthesis of azolium azolates as well as N-cyanoalkyl-functionalized imidazolium
nitrate and dicyanamide salts.

2. Reported are several new innovations for IL synthetic methodology. By the hydrogen
carbonate approach, many new ILs become accessible via halide-free synthesis using simple
acid-base chemistry. Also, ammonium perchlorate has been successfully employed as a
feedstock for new IL synthesis with by-products of reduced negative environmental impact.

3. A new design platform for the synthesis of multi-heterocyclic compounds has been
demonstrated and extended to show how IL-based materials (anionic or cation components)
may be accessed selectively.

4. Demonstration of how materials performance may be enhanced by lL-based strategies has
been demonstrated two-fold. First, discovering and characterizing the hypergolic reactivity



of HEH-based ILs has been achieved. In addition, the utilization of IL chemistry for the
systematic formation of eutectic mixtures to targets specified properties (e.g., melting point)
has been accomplished.

IV. TECHNICAL SUMMARY OF THE WORK ACCOMPLISHED.

1. Ionic Liquids Based on Azolate Anions

1. Ionic Liquids Based on Azolate Anions Smiglak, M.; Hines, C. C.; Wilson, T. B.; Singh,
S.; Vincek, A. S.; Kirichenko, K.; Katritzky, A. R.; Rogers, R. D. Chem. Eur. J. 2009, 16,
1572-1584, (accepted as VIP paper).

ILs containing azolate anions (imidazolate, triazolate, tetrazolate, benzimidazolate, or
benzotrizolate) have received much less attention than those containing azolium cations,
although more results are now starting to appear.'”2* Over the past few years, our group has also
investigated the possible use of azolate anions for the preparation of low melting energetic ionic
liquids.*> From our perspective, the use of such anions to form energetic salts, specifically with
the addition of energetic substituents (nitro or cyano groups) to enhance their energetic
capabilities is a very interesting approach. We recently reported a series of ILs containing
substituted imidazolate, triazolate, tetrazolate anions paired with different cations and showed
that salts of a wide range of heterocyclic azolate anions with 1-butyl-3-methylimidazolium cation
gave several examples of room temperature ionic liquids.”” In general it was found that these
organic anion-based salts allowed for a similar degree of facile functionalization, due to
structural similarity with the well-studied azolium cations.?**%%’

In order to extend the scope of ILs, greater availability of organic anions providing the same,
or similar, architectural flexibility as the commonly used organic cations (e.g., substituted
imidazolium cations) needs to be achieved. Parallel to this, improvements in the basic
understanding of the key physical and chemical properties of complex azolate-based ionic liquids
must be obtained. :

Cations (Q) Anions (Az)
H* K* OsN
A O2N N 02N N 2N—N
2 . “N \> T\\
Ph Et 7 N
[ \ 4 . N N N
Ph—P~pp, Ph—P~pp, 5 = =
4 d a: [5-NO,-benztril b: [5-NO-benzim]™ ¢ [4-NO,-1,2,3-tri]
3:[Ph,P]* 4; [EtPh,P]* O,N NO, NO,
Me
+ ) N N N=
> \ 0 Y
|, R b oL N oN- SN
N - N N 2
Ph "’Bu d: [4-NO-im]-  e:[3,5-diNO,-1,2,4-tri]" f: [2,4-diNO-im]~
5: [N-PhPyr]* 6: [1-Bu-3-Me-im]*
’ ON NC,
D T S
+ + /X \ .N
BusN EtgN MesN" O,N N) NC N_) N’
7 8 9 3 )
g: [4,5-diNO,-Im]- h: [4,5-diCN-Im]- i: ftetr]

Figure 1.1 Cation and anion combinations explored in this work.



In continuing our previous study on new energetically substituted heterocyclic anions, we
have expended our selection of used anions and cations in order to prepare even larger matrix of
new salts and through their analysis gain better inside into the structure vs. properties
relationship. More specifically, we have synthesized and characterized 31 novel organic salts
based on tetraalkylammonium, 1,3-dialkylimidazolium, pyridinium, and phosphonium cations
combined with energetically-substituted tetrazolate, triazolate, imidazolate, benzimidazolate, and
benzotriazolate anions (Figure 1.1). Many of the neutral azoles used as precursors to the azolate
anions, are energetic heterocyclic compounds which have been previously extensively studied as
potential propellants and/or explosives?®*  The ability to readily form azolate-based IL
examples with enhanced stability relative to the starting heterocycles (controlled melting points,
higher thermal decomposition temperatures, reduced volatility, etc.), and the generic observation
that IL. materials can be formed from a wide range of flat heterocyclic anions by modification or
selection of the appropriate ions, sets out principles by which ILs containing this class of anions
can be developed and exploited.

Electron withdrawing groups, such as nitro or nitrile, may act as destabilizing substituents on
the aromatic core of many heterocyclic cations, as well as stabilizing substituents on many
heterocyclic anions, and a wide range of azolate anion-based salts can thus be used to prepare
EILs. The azolates have been found to not only introduce properties required for EILs, but also
allow for the formation of low melting salts (Figure 1.2), and indeed in some cases ILs. They are
surprisingly stable in the systems explored, and allow a degree of structural modification in a
similar fashion to azolium cations.

Tonic liquids were obtained with all combinations of [1-Bu-3-Me-im]" and the heterocyclic
azolate anions studied, and with several combinations of [BusN]" or [Et;N]". The [1-Bu-3-Me-
im]" azolates were liquid at room temperature, forming glasses on cooling with transition
temperatures in the range —53 to —82 °C (except for the [3,5-diNO,-tri]” salt, mp = 33 °C).
Additionally, one of the most interesting findings was that the melting points and thermal
stabilities of the [1-Bu-3-Me-im]" salts allow for handling, operation, and usage over a wide
liquidus range (Figure 1.2).

{5-NO,-benztri] | e
[5-NO,-benzim] e oy,
[4-NO,-1,23-tri] |
{NOsiml |
[3,5-NO,-1,2,4-tri] ] ————
[2,4-NO,-im] 1 e
[4,5-diNO -im] ] e =
[4,5-diCN-im]|
terr] | e
) e e e
-100 0 100 200 300

Temperature (°C)
Figure 1.2 Liquidus ranges of the [1-Bu-3-Me-im]" salts.

Taking into the account the specific properties analyzed (liquid range, thermal stability,
oxygen balance) the most promising anion for the application in energetic ionic liquids seems to



be [3,5-diNO,-tri]". Other trends discovered (Table 1.1) include favorable structure property
relationships when moving from 4- and 4,5-disubstituted anions to 3,5- and 2,4-disbstituted
azolate anions. For example, it was found that the [2,4-diNO,-im] anion contributes to low
melting point, very good thermal stabilities, high oxygen balance, high nitrogen content, and
high solid-state density for most of the analyzed salts. Overall, the development of ILs based on
azolium azolate cores seems to be an attractive avenue for the future of not only energetic ionic
liquids, but ILs in general.

Table 1.1. Summary of structure vs. property relationships.

Structure/Property melting T 1(3):13; iec'; Nitrogen Solid
Relationshi oint - Content™’ Densit
’ Desired change in property
! 3 1 L 1
- e ) data
;;)C-H—Z—O:E‘IN inconclusi T 1 1 -
ve
ON O.N .
7 TSR ! 1 1 1 !
O;N)mN OzN, ) b
TR U 1 +29 °C" 1 i 1
ON. ¥ N :
Z;l"b‘H_. /y»\noz +38 OC[a] T T i T
ON, O:N,
05 B 3 ! j 1 ! =
03 P S +50 °Cl = -
oy Lo, T = = i
oo SR, 0gla] 0g~Ib]
o:N’Z;» NC’Z;» £36°C 43 °C ‘l' T l
. I
R moderate high highest high I?Ggl_ll 55
N, P~No, 33-214°C  205-368 °C +0 44.3% -g cm:3

[§] The oxygen balance (OB) is calculated from the empirical formula of a compound in
percentage of oxygen required for complete conversion of carbon to carbon dioxide, hydrogen to
water, and metal to metal oxide; [t] Nitrogen content is defined as the amount of nitrogen in the
molecule expressed in mass %; [¥1] The [3,5-diNO,-tri]” anion contributes to one of the higher
densities among the analyzed family of salts. [a] maximum variation in temperature of melting
point between salts of considered set of anions. [b] maximum variation in temperature of
decomposition between salts of considered set of anions
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2. New Hydrogen Carbonate Precursors for Efficient and Byproduct-Free
Syntheses of Ionic Liquids Based on 1,2,3-Trimethvlimidazolium and N,N-
Dimethylpyrrolidinium Cores

1. New hydrogen carbonate precursors for efficient and byproduct-free syntheses of ionic
liquids based on 1,2,3-trimethylimidazolium and N,N-dimethylpyrrolidinium cores,
Smiglak, M.; Hines, C. C.; Rogers, R. D., Green Chem. 2010, DOI: 10.1039/b920003¢

One of the most challenging problems faced by researchers working with ILs, is difficulty in
the reliable and reproducible preparation of pure compounds. Unfortunately, current methods
for preparation of various ILs often involve multi-step synthesis, complex purification, and
very often result in formation of undesirable and difficult to remove halide- or metal-
containing species.’* Thus, improved techniques for IL synthesis and purification would
drive the end product cost down and provide higher purity materials and consistency between
batches, even between different suppliers.

In this work, we have extended our research on the utility of dialkyl carbonates as alkylating
agents to form new [HCO;] salt precursors for further halide free syntheses of other ILs. In
order to obtain [MeCOs]-based salts, we targeted two amines as prototypes: (i) 1,2-
dimethylimidazole, since the carboxylation reaction at the C2 carbon during the imidazole
alkylation process is prevented due to methyl group substitution (the carboxylation at C4/C5
position requires higher temperatures and should not occur with appropriate reaction conditions),
and (ii) N-methylpyrrolidine, which due to lack of aromaticity or other conjugation, is less likely
to undergo any carboxylation reaction to form a zwitterionic compound.

We report (Figure 2.1) the formation of two new examples of [HCOs]" IL precursors, 1,2,3-
trimethylimidazolium  hydrogen  carbonate ([1,2,3-triMeIM][HCOs]) and NN-
Dimethylpyrrolidinium Hydrogen Carbonate ([N,N-diMePyr][HCOs]) where the [HCO;]™ anion
is generated by conversion of the [MeCO;]" anion in the presence of excess water, and
[1,2,3-triMeIM][MeCO;]. The crystallographic characterization of highly deliquescent crystals
of [1,2,3-triMeIM][HCO;]-H,O and [N, N-diMePyr][HCO;] was performed in order to further
validate product formation of the three new IL precursors.

_ _ HX acidity
3 i i
J NN [ 3_ o_on |
Y OO N)\ \Ior q)\ bl !
h | | 0
4] EtOH/H,0 i Er0iaL0 | COZI
( 90°C, 14 days or EXOH/H,0/ f AR e +
= Acet -
q) @ OTO\ e | @ o\n,on H"O‘H
| 7\ o VAN 0
e m—
= - J pK,~ 10 |
a) b) c) ~

Figure 2.1 Efficient, three step synthesis of halide free imidazolium- and pyrrolidinium-based
organic salts; a) alkylation reaction with formation of [MeCOjs] salts; b) conversion of [MeCOs]
into [HCO;]'; ¢) reaction of [HCO;] salt precursor with acid and formation of final product.
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Figure 2.2 Crystal structures a) [1,2,3-triMeIM][MeCO;s]; b) [1,2,3-triMeIM][HCO;]*H20:; ¢)
[N,N-diMePyr][HCOs3] depicting the hydrogen bonded anion dimer and closest cation contact.
Thermal ellipsoids are shown at the 50% probability level.

The new [HCOs] -based IL precursors were also used in reactions with several acids and
[NH4][CIO4] to prove the potential of this family of salts for future applications in halide- and
metal-free syntheses of ILs. As shown, it is possible to form virtually any salt from the [HCOs]
precursor when the pK, of the acidic reagent is lower than that of H,COs3. Also, the use of
ammonium salts results in formation of ammonia gas, which can be evacuated from the system,
shifting the equilibrium towards product formation. The new organic salts with the chosen
anions are formed with only gaseous byproducts (CO,, H,O, and in the case of [NH;][ClO;],
NH3) thus eliminating further purification steps. This reaction can be manipulated to
accommodate a wide variety of anions by proper design of the reaction conditions.

+/ +/
[I:I _O - HCI or / N
\ -
R s o (\)\ [X] COzT
| 0 Picric Acid | .
EtOH/H;0 T
rt, 24 h + NH;
—_—
H,0
{ . E _0 of [NH4][C104] / A \ _
N \ﬂ/ EtOH/H,0 o X]
/ N\ o) 40°C,24 h /\

where X= [CI[", [NO3T", [Pic]", [CIO4)

* NHj is formed only in the case of the
reaction with [NH4][ClO4].

Figure 2.3 Reactions of [1,2,3-triMeIM][HCO;] and [N, N-diMePyr][HCO;] with hydrochloric,
nitric, and picric acids, as well as ammonium perchlorate.
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3. Ionic Liquid-Based Routes to Conversion or Reuse of Recycled Ammonium
Perchlorate

1. Jonic Liquid-Based Routes to Conversion or Reuse of Recycled Ammonium
Perchlorate, Cordes, D. B.; Smiglak, M.; Hines, C. C.; Bridges, N. J.; Dilip, M.; Srinivasan,
G.; Metlen, A.; Rogers, R. D. Chem. Eur. J. 2009, 15, 13441-13448.

Many modern energetic materials, even though highly advanced, and understood in terms of
their performance and behavior, suffer from safety issues and environmental concerns.’>*
Organic salts are potential replacement energetic materials, and as such, interest in their
synthesis has been growing rapidly in recent years.”’** The reasons for this are manifold, but
some of those most commonly expressed relate to their advantageous properties such as greater
density and low or negligible vapor pressure under common operating conditions.

One of the most common oxidizers used, both in multi-component energetic systems’’ and in
energetic salts, is the perchlorate anion. Moreover, one of the recent approaches to new liquid
energetic salts has been to combine perchlorate with nitrogen—rich heterocyclic cations such as
triazolium, tetrazolium, and more recently, bicyclic azolium salts.’® Many of these salts use
highly modified heterocyclic cations, with amino, nitro, and azo substitution of the heterocyclic
ring that often results in the formation of products with melting points <100 °C, referred to as
ionic liquids (ILs). By utilizing a common feature of ILs, i.e. their broad liquidus ranges, many
of the problems associated with energetic materials may be overcome. Recent developments in
energetic ionic liquids (EILs) research have been reviewed'**™ and the initial results for many of
these salts are promising as energetic materials.

A number of simpler heterocyclic perchlorate salts have also been prepared previously, with
imidazolium,* 1-methylimidazolium,"! 1-butyl-3—methylimidazolium,* 1,3-
dibutylimidazolium,* and 1-hexyl-3-methylimidazolium cations.* The two predominant
routes to such perchlorate—containing materials have been either through the protonation of a
ring nitrogen using perchloric acid, resulting in the formation of thermally unstable, protonated
salts, or by metathesis of an IL precursor with a perchlorate salt, most commonly AgClOj.
LiClO4 also has been described as starting material for 1-butyl-3—-methylimidazolium
perchlorate.*

In order to effectively utilize AP in the synthesis of perchlorate-based energetic materials,
new synthetic protocols for the formation of such products are required which allow for fast and
benign (in terms of byproducts) synthesis of the target materials. Here we present three potential
routes to incorporate the perchlorate anion into potentially energetic 1-methylimidazolium and
phosphonium salts, using AP as the perchlorate source, including: 1) the reaction of a neutral
amine (l-methylimidazole) with AP in aqueous solution, resulting in the formation of a
protonated imidazolium perchlorate ((Hmim][C1O4], 1) and ammonia gas, 2) decarboxylation of
1,3—dimethylimidazolium—2-carboxylate*® by reaction with AP to form 1,3-
dimethylimidazolium perchlorate ([Cimim][ClO4], 2), ammonia, and CO,, and 3) the metathesis
of 1-butyl-3-methylimidazolium chloride with AP in water, forming the insoluble 1-butyl-3—
methylimidazolium perchlorate ([C4smim][ClO4], 3) and water soluble NH4Cl. Using this same
metathesis methodology but with methanol as solvent, trihexyl(tetradecyl)phosphonium
perchlorate ([Pess14][ClO4], 4) was also prepared. Due to the relative hydrophobicity of these
new salts, one could even envision recycle of aqueous perchlorate waste streams (for example
from water washout of rocket engines) by forming an IL and separating the anhydrous IL phase.
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The electrochemical remediation of perchlorate ions is one of the best ways of converting the
toxic perchlorate to the non-toxic chloride ion efficiently. There are several reports on the
clectro-reduction of perchlorate at various electrodes. The literature in this area has recently
been reviewed.”” In most of the above papers, perchlorate reduction is carried out in aqueous
systems, and to our knowledge, there are no reports on the electrochemical reduction of the
perchlorate anion using an IL approach.

Given the wide exploration of ILs in electrochemistry, we felt it was appropriate to study the
reduction of perchlorate in a medium which was both the reagent and the electrolyte. Using such
a strategy, the perchlorate anion could be reduced to non-hazardous chloride, regenerating the
starting salt which in return could be exchanged to a perchlorate anion again, thus creating a
regenerative cycle for the remediation of perchlorate. The advantages of this approach would
include the potentially improved electrochemical stability of ILs compared to water, no
hydrogen/oxygen evolution during electrolysis if the IL is wisely chosen, good conductivity, and,
most importantly, no requirement for volatile organic solvents and supporting electrolytes.

Using three different routes (Figure 3.1) and AP as the perchlorate source, we have prepared
l-methylimidazolium perchlorate, ([Hmim][ClOs4], 1), 1,3—dimethylimidazolium perchlorate,
([Cimim][C104], 2), l-butyl-3—methylimidazolium perchlorate, ([Csmim][ClO4], 3), and
trihexyl(tetradecyl)phosphonium perchlorate, ([Pess14][C104], 4). All four of these salts were
formed in high yield, requiring little purification; 3 and 4 are ILs by definition, while 1 and 2
melt at temperatures above 100 °C.

Acid-base reaction:

=\ Hz0 N -

() NN~ (I +NHCIO, (s) -No N Cl0s (s) + NH3 (g)

+ [/ EtOH/ _

DM / \ —

() /N:EN\ (s) + NH,CIO, (s) S0 ;NVN\ ClO4 (s) + NH;(g) + CO;(g)

o0~ 0

Anion metathesis:

™\ - H,0 ™\ _

) ;NVN cl  (s) + NHCIO; () ——— ;NVN\/\/ 10, (I) + NH,CI (aq)
MeOH/H,0

(4)  [Pess1aICl (I) +NH,CIO, (s) TCI;» [Pess1allC104] () + NHCI (s)

Figure 3.1 Synthetic routes to perchlorate ILs.

Three new routes have been shown for the synthesis of organic perchlorate salts of simple
nitrogen heterocycles and a quaternary phosphonium compound, using AP as the source of
perchlorate. Specifically, new preparative routes have been determined for the easy preparation
of l-methylimidazolium perchlorate, 1,3-dimethylimidazolium perchlorate, 1-butyl-3—
methylimidazolium perchlorate, and trihexyl(tetradecyl)phosphonium perchlorate. The synthetic
routes proceed in a single step from the chosen precursors, and produce the desired products in
high yield and purity. Most importantly, the electrochemical remediation of the perchlorate ion
from an ionic liquid leading to a potential perchlorate removal/remediation cycle was achieved.
This could lead to a continuous process for converting perchlorate to chloride ions using a
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strategy where an IL serves as both reagent and electrolyte. A few such strategies based on the
results reported here are illustrated in Figure 3.2.

Anion
exchange

PtO,

Electrochemical
Reduction

Pt

Figure 3.2 Possible AP IL reuse/remediation strategies.

4. Azolium azolates from reactions of neutral azoles with 1,3-
diemthvlimidazolium-2-carboxvlate, 1,2,3-trimethylimidazolium hydrogen
carbonate, and /NV,N-dimethylpvrrolidinium hydrogen carbonate

1. Azolium azolates from reactions of neutral azoles with 1,3-diemthylimidazolium-2-
carboxylate, 1,2,3-trimethylimidazolium hydrogen carbonate, and N,N
dimethylpyrrolidinium hydrogen carbonate, Smiglak, M.; Hines, C. C.; Rogers, R. D;
2010, in preparation. '

A new group of organic azolate anions (e.g., imidazolates, triazolates, and tetrazolates) was
recently introduced into the field of ionic liquids (ILs), thus allowing for a similar degree of
facile functionalization of anions, in a manner similar to the well-studied azolium cations.
[7.19202148-50 The first example using azolate anions in the synthesis of ILs was presented by
Ohno et al., 17 who published the reaction of 1-ethyl-3-methylimidazolium hydroxide and either
neutral 1,2,4-triazole or tetrazole. The formed salts, 1-ethyl-3-methylimidazolium 1,2,4-
triazolate (T, = -76 °C) and 1-ethyl-3-methylimidazolium tetrazolate (T, = -89 °C), were the first
reported azolium azolate-based ILs reported in the literature. Shortly after our group got
interested in the topic of azolate base ILs and in our continuing work towards development of
general design strategies for the formation of energetic ionic liquids (EILs), we have reported
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formation of stable azolate anion-based salts by combination of such anions with variety of ionic
liquid forming cations. >*>*° That study concentrated on pairing the azolate anions (substituted
imidazolate, triazolate, tetrazolate, benzimidazolate, and benztriazolate) with common
quaternary ammonium, imidazolium, pyridinium, and phosphonium cations to allow for
screening of the influence of the anion structure on the physical properties of the resulting salts.
TGA analyses revealed that the azolate anions allow for the formation of highly stable salts with
decomposition temperatures as high as 235 °C (for tetramethylammonium 3,5-dinitro-1,2,4-
triazolate). The results suggested that the more substituted the azolate anion is with electron
withdrawing groups, and the more nitrogen atoms are present in the heterocycle, the better is its
anion charge delocalization and consequently its thermal stability.

In that earlier study, we found that combination of a common IL forming cation, 1-butyl-3-
methylimidazilum [1-Bu-3-MeIM]", with substituted azolate anions resulted in salts with very
low melting points; the lowest melting salt being 1-butyl-3-methylimidazolium tetrazolate with
only a glass transition at -82 °C. We recently reported the formation of two new examples of
[HCO;]" IL  precursors, 1,2,3-trimethylimidazolium  hydrogen carbonate  ([1,2,3-
triMeIM][HCO;]) and N, N-dimethylimidazolium hydrogen carbonate ([N,N-diMePyr][HCOs]).
The synthetic protocol for the formation of such IL precursors involves alkylation reactions of
the chosen neutral amines with dimethyl carbonate, and later conversion of the formed [MeCO;]
salts to [HCOs] salts in one step, at temperatures close to room temperature, and using only
water. The salts ([1,3-diMIM-2-COO], [1,2,3-triMeIM][HCO;], and [N, N-diMePyr][HCOs])
were also used in reactions with several acids to prove their utility as IL precursors for the fast
and efficient synthesis of imidazolium- and pyrrolidinium-based organic salts. The new organic
salts were formed in quantitative yields with only gaseous byproducts (CO,, H,O, and in the case
of [NH4][CIOs], NH3) thus eliminating further purification steps.

Thus, combining the concepts developed during our previous studies (i) the utilization of
azolate-based anions in the synthesis of ILs, (ii) the use of the zwitterionic
1,3-dimethylimidazolium-2-carboxylate  IL  precursor for the clean synthesis of
1,3-dimethylimidazolium salts, and (iii) the development of new [HCOs]" IL precursors ([1,2,3-
triMeIM]" and [N, N-diMePyr]"), it became possible to prepare a new family of azolate-based ILs
in a fast and efficient fashion by reacting neutral azoles with the developed IL precursors. These
routes would seem to provide a new alternative for the formation of azolate salts, overcoming the
previously experienced limitations.

Here, the syntheses of 18 new azolate-based salts (Figure 1), containing either 1,3-
dimethylimidazolium ([1,3-diMeIM-2-COO]), 1,2,3-trimethylimidazolium ([1,2,3-triMeIM]"),
or N, N-dimethyl-pyrrolidinium ([N, N-diMePyr]") cations is presented. The new salts include 12
examples of imidazolium azolates and 6 examples of pyrrolidinium azolate salts as a result of
combinations of 3 cations and 6 anions (Figure 1). Even though the acidity of many of the
neutral azoles utilized may seem to be too low for the reaction to be complete, these reactions
can be driven toward product formation by simple evacuation of CO, as it is formed in the
reaction.
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Figure 4.1 Cation and anion combinations explored along with their abbreviations.

Successful conversion of the IL precursors to the desired products was monitored using *C
NMR via simple analysis of the spectral region where presence of the [HCO;] or carboxylate
group of the zwitterion from the substrate would be expected in case of incomplete conversion.
The absence of the relevant signal also served to indicate the completion of the reaction. None
of the analyzed salts showed the presence of the carboxylate signal at ~160 ppm, indicating no
residual substrate. In evaluating the ?C NMR results, it was concluded that all 18 new salts
were formed approaching quantitative yield.
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Figure 4.2 Reaction of [1,3-diMeIM-2-COO], [1,2,3-triMeIM][HCO;], and
[N, N-diMePyr][HCOs] with neutral azole acids.

Even though the synthesized model compounds were composed of highly symmetrical
cations ([1,3-diMeIM]", [1,2,3-triMeIM]", and [N,N-diMePyr]"), which usually results in the
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formation of salts with relatively high melting points, six out of 18 analyzed salts exhibited the
melting points below 100 °C. It is envisioned and supported by the results of our previous work
on [1-Bu-3-MeIM]" azolate-based salts, that the utilization of the azolium cations with longer
alkyl chains will force structural asymmetry,” thereby resulting in further depression of the
melting point beyond what has been observed here. Also, the thermal properties of the new
family of azolate-based salts prove to be in satisfactory ranges, with the Tseqec usually above 170
°C. Observed thermal stabilities were also found to be in good correlation with the ones found
for other azolate-based salts reported earlier.”

Based on the results of this study it is foreseen that applications of the developed synthetic
methods for the formation of azolate-based salts can be easily transferred to more sophisticated
ionic liquid systems (including energetic ionic liquids) resulting in the fast and clean syntheses of
plethora of new azolium azolate salts. From our research on energetic ions it is apparent that the
cation and anion platforms needed for the formation of new azolium azolate salts are already
available (Figure 4.3). It is thought that just by simple modification of the synthetic protocol for
the formation of those cations, alkylation of neutral azoles using dimethyl carbonate, and further
conversion to [HCO;] salts, new [HCO;]" IL precursors may be available. Utilizing these new
IL precursors in the reactions with neutral forms of energetically-substituted azolate anions
(Figure 4.3), a large array of new energetic salts can be formed, at the same time being free of
inorganic impurities. It is also anticipated that modification of the synthetic protocols for the
formation of IL precursors by the use of longer alkyl chain dialkyl carbonates will allow for the
formation of new asymmetrical cations that exhibit structural characteristics needed for
depressing melting point of the resulting azolium azolate salts.
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Figure 4.3 Examples of possible ions leading to azolium azolate EILs.
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5. Synthesis of N-cvanoalkyl-substituted imidazolium halide and nitrate salts with variable
N-alkyl and N-cvanoalkyl chain lengths, and the characterization of their structural and
thermal properties as potential energetic ionic liquids

1. Synthesis and thermal characterization of homologous N-cyanoalkyl-functionalized
imidazolium nitrate salts as dual-functional energetic ionic liquids. Drab, D. M.;
Smiglak, M.; Hines, C. C.; Rogers, R. D., in preparation.

In order to address our first research goal, we invoked the dual-functional nature of ionic
liquids for the design of new homologous series of N-cyanoalkyl-functionalized imidazolium
nitrate salts. These targets are justified based upon evidence reported in the literature to suggest
that each component contributes separately to a properties set relevant to the AFOSR target
criterion.  Specifically, it is believed that the N-alkyl-appended nitrile functionality may
introduce desirable physicochemical contributions to the salt as tested, without the reduced
nucleophilicity observed for imidazolium cores directly substituted with the -C=N group.
Furthermore, the variation of both N-alkyl and N-cyanoalkyl chain lengths is expected to affect
the thermal stability and melting point as is frequently the case for N-alkyl chain variation
reported in the literature. Finally, the nitrate anion provides an oxidizing component that may be
beneficial for the combustion of the ‘fuel-rich” N-cyanoalkylated salt.

The 20 N-cyanoalkyl-functionalized imidazolium halide precursors and nitrate salts formed
(Figure 5.1) were selected based upon homological differences in the N-alkyl and N-cyanoalkyl
substituent length made commercially available from their haloalkylnitrile starting materials.
The changes in cation structure were established early in the formation of the cation, and later
the nitrate anion was introduced by resin supported anion exchange (synthesis of N-cyanoalkyl-
functionalized imidazolium halides and nitrates as described in Appendix AS5). This approach
permitted the generation of cations with easy variation in N-alkyl and N-cyanoalkyl chain length,
facile exchange for an energetic anion (e.g., NO3), and their subsequent structural and thermal
characterization to observe for trends based upon these modifications. The synthesis of all halide
and nitrate salts is provided in Appendix AS5. Details for the thermal analysis are provided in
Appendix BS.
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Figure 5.1 Investigated N-cyanoalkyl-functionalized imidazolium halides and nitrate analogs.
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6. Synthesis of N-cyanoalkyl- and NV,N-dicyanoalkyl-substituted imidazolium halide and
dicvanamide salts with variable N-cvanoalkyl chain lengths, and the characterization of
their structural and thermal properties as potential energetic ionic liguids

1. Synthesis and determination of thermal characteristics for a new, homologous series of
N-cyanoalkyl and NV,N-dicyanoalkyl-functionalized imidazolium dicyanamide ionic
liquid salts. Drab, D. M.; Smiglak, M.; Shamshina, J. L.; Schneider, S.; Hawkins, T. W_;
Rogers, R. D., in preparation.

Ionic liquids (ILs) bearing the dicyanamide (dca) anion exhibit some of the lowest viscosities
known for this class of organic salts. Furthermore, T. Hawkins and coworkers at Edwards Air
Force Base have previously demonstrated that dca-based ILs may potentially react as hypergols.
These are both properties of high interest targeted by the AFOSR for energetic applications, and
here we report the synthesis and thermal characterization of 22 N-cyanoalkyl- and N,N-
dicyanoalkyl-functionalized imidazolium halides and dicyanamide salts (Figure 6.1). Combining
variable N-cyanoalkyl chain lengths with the known viscosity-reducing ability of the dca anion,
it was hypothesized that EILs would exhibit ‘tunable’ thermal stability, low melting points, and a
broad range of liquid behavior.
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Figure 6.1 Investigated N-cyanoalkyl- and N,N-dicyanoalkyl-functionalized imidazolium halides
and their dca analogs.

As with the case for the nitrates salts described previously, the dca study exploits the dual-
functional nature of ILs to enable the synthesis of N-cyanoalkyl-functionalized imidazolium-
based cations (either one or two N-cyanoalkyl functionalities, with variable chain length) as
halide salts, followed by further exchange for the dca anion to arrive at the final product
(Appendix A6). Details for the thermal analysis are provided in Appendix B6, where general
trends include the observed lower thermal stability (T'sosqecomp) @s the N-cyanoalkyl chain lengths
are decreased. Additionally, the thermal stabilities for all N-(2-cyanoethyl)-functionalized salts
were approximately the same, but this series of ILs were much more unstable in comparison with
their mono-N-cyanoalkyl-functionalized analogues.  Presumably, the loss of the N-(2-
cyanoethyl) functionality as a leaving group to reform acrylonitrile by elimination may account
for the observed trend. Also, DSC data shows that all of the dca salts are ionic liquids based
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upon the measured melting points below 100 °C. Finally, after submitting all samples to our
collaborators Dr. Tommy Hawkins’ and his research team at Edwards AFB, impact sensitivity
testing by drop-hammer determination showed that all the dca salts were very insensitive
towards mechanical shock and, thus, indicate structural details that are potentially useful towards
the design of EILs as insensitive liquid fuels.

7. Introduction and initial demonstration of synthetic design platform for bridged multi-
heterocycles with variable charge, structure, and symmetry options: Formation of 5-
tetrazole-based products using a three step procedure of azole ‘click’ functionalization,
‘click’ synthesis of bi-heterocyclic precursors, and further product modification utilizing
IL-based synthetic strategies

1. A General Design Platform for Ionic Liquid Ions Based on Bridged Multi-Heterocycles
with Flexible Symmetry and Charge. Drab, D. M.; Shamshina, J. L.; Smiglak, M.; Hines,
C. C.; Cordes, D. B.; Rogers, R. D., Chem. Commun. 2010, submitted.

The development and implementation of IL-based methodology towards identifying new and
improved synthetic protocols (e.g., halide-, solvent-, or metal-free; time/cost efficient, low
impact on the environment) for the synthesis of targets of high interest to the AFOSR EIL
directive remains a top priority. Previous work reported by D. Armstrong, J. Shreeve, T.
Klapotke described the synthesis and highly variable properties possible with bridged multi-
heterocycles. As both cationic and anionic structures are possible, this suggests a very general
class of compounds (e.g., bridged multi-heterocycles) that might greatly benefit from the design
options inherent to dual-functional ILs. Thus, in focusing on Objective 2, the results from efforts
to conceptualize and initially demonstrate an unprecedented synthetic design platform for
bridged multi-heterocyclic ionic liquids are described (Figure 7.1).

As an initial demonstration of how this design platform may be utilized towards EIL-related
targets, S-tetrazole-based structures were targeted. As the tetrazole moiety is frequently
incorporated into EILs for high energy dense gas generators and their synthesis is readily
accessible from well-known Click methods pioneered by K. B. Sharpless and coworkers, the
synthesis of 5-tetrazole-based products from N-cyanoalkyl-functionalized cations and neutral
molecules was the focus of the work completed for this study (Figure 7.2).

The syntheses of all products are described in Appendix A7, and all materials have been fully
characterized by thermal analysis (Appendix B7). Whereas the metal-coordinated zwitterion,
cation, and free zwitterion were all obtained sequentially from a common cationic precursor (1-
cyanomethyl-3-methylimidazolium chloride), it was necessary to utilize a neutral substrate (1-(2-
cyanoethyl)-1,2,4-triazole) in order to obtain the anionic salt as shown in Figure 7.2.
Unfortunately, none of the products obtained were ILs by definition, as they were all found to
have melting points > 100 °C. However, the synthetic flexibility to modify the charge, structure,
and symmetry in the final product beckoned further investigation focusing on how IL-base
synthetic strategies can be employed to expand the perceived design space.
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Step A: Design of Azole with Step B: Cycle Formation via Click Chemistry
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Figure 7.1 Synthetic design platform based upon design of ‘clickable’ azoles (Step A), Click
synthesis of bridged multi-heterocycles (Step B), and formation of IL-based components with
variable charge, structure and symmetry (Step C).
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Figure 7.2 Bi-heterocyclic products obtained utilizing the multi-heterocyclic design approach,
where variability in heterocyclic charge and type, metal coordination, as well as bridge length are
all shown to be variable.
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8. Click synthesis and thermal characterization of zinc-containing, alkyl-brideed
imidazolium-tetrazolates with highly variable N-alkyl and alkyl bridge lengths as
expansion of bridged multiheterocyclic design platform

1. Click synthesis and thermal characterization of zinc-containing, alkyl-bridged
imidazolium-tetrazolates. Drab, D. M.; Smiglak, M.; Shamshina, J. L.; Rogers, R. D., in
preparation.

The synthesis of 5-tetrazole based products from neutral aromatic nitriles and an azide source
are well-known based upon methods pioneered by K. B. Sharpless and coworkers, as well as
others. However, there appears to be limitations to this method when considering bridge lengths
greater than 1 carbon, where harsh conditions and low synthetic yields are often the result. Due
to the fast reaction times qualitatively observed for the cationic substrate in the initial
demonstration of the design platform, further investigations to synthesize zwitterions of variable
bridge length and N-alkyl substituent length were completed (Figure 8.1). It is hypothesized here
that sufficient activation of the nitrile and azide anion are achieved when the substrate itself is a
cation (e.g., formal positive charge on imidazolium to attract azide and maintain dipole for
cycloaddition reaction), and that the formation of imidazolium-tetrazolate zwitterions is not
limited to 1 carbon bridges or aromatic stabilization (as is often the case with neutral starting
materials).
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Figure 8.1 Alkyl-bridged imidazolium-tetrazolate zwitterionic products obtained as Zn-
containing products

The synthesis of each product is described in Appendix A8, and the thermal properties are
summarized in Appendix B8, where all products were very thermally stable and showed virtually
no phase transitions. Finally, towards understanding how this reaction might be optimized in the
future, the reaction of 1-cyanomethyl-3-methylimidazolium choride with sodium azide in D,O
was observed in "H-NMR (Figure 8.2). Interestingly, the results from this study support that the
cationic N-cyanoalkyl-functionalized imidazolium salts are more reactive under Sharpless Click
condtions in comparison to many molecular substrates, where over 85 % conversion to Zn-
containing Click product is observed in about 2.5 hours at room temperature.
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Table 8.1 Study of reaction time for 1-cyanomethyl-3-methylimidazolium chloride as Click
substrate

N7 TCsp NaN,

{3 S ( ) ~*~

CH3 D;0,RT H3 ZnBrCl

(rll;:ﬁe) C[011111(c)l/SLl]n sm. (%) % Conv.
0 0.151 100 0
3 0.096 64 36
4 0.086 57 43
15 0.066 44 56
20 0.063 41 59
35 0.055 36 64
50 0.049 32 68
150 0.024 16 84

9. Utilization of ionic liquid-based synthetic strategies for the targeting of properties via the
multiheterocveliec design platform

1. A General Design Platform for Ionic Liquid Ions Based on Bridged Multi-Heterocycles
with Flexible Symmetry and Charge. Drab, D. M.; Shamshina, J. L.; Smiglak, M.; Hines,
C. C.; Cordes, D. B.; Rogers, R. D., Chem. Commun. 2010, submitted.

In the previous demonstration of the design platform for multi-heterocyclic synthesis,
synthetic flexibility had been demonstrated by selective modification of (a) type of heterocycle
included, (b) length of alkyl bridge and (c) overall charge of the final product (e.g., zwitterion,
cation, anion). However, none of the products were ILs as tested, where to show how targeted
properties of multi-heterocylic systems (e.g., melting point) could be directed to fall withing
desired ranges (e.g., < 100 °C) was yet an unmet challenge. In the results presented here, tri-
heterocyclic cationic and anionic components for new IL systems are synthesized from a
common zwitterionic, tri-heterocyclic precursor (Figure 9.1).

The synthesis of each of these targets is described in detail in Appendix A9, where simple
Bronsted acid-base chemistry, as well as IL formation by a decarboxylation protocol developed
in our group is described. Thermal analysis data (TGA, Appendix B9) indicates that each of
these ILs is equally or more stable than the zwitterionic precursor and that both the cationic and
anionc IL forms can be used to make IL salts with melting points well below 100 °C (DSC).

24



- H
+ SN + N, + N,
NTTCON NTTRON NTTGN
/ Y NN [ Y N-N [ Y ON-N
N N _ N i ¢
NTf, /
)
4 z 2t
NN NN NTONT e
N=N N=N N=N
tricyclic zwitterion (+) tricyclic RTIL (-) tricyclic RTIL

Figure 9.1 Synthetic tri-heterocyclic targets obtained to demonstrate IL-based strategies within
the new design platform.

10. Hypergolic Ionic Liquids for Monopropellant Applications

1. Hypergolic Ionic Liquids for Monopropellant Applications, Shamshina, J. L.; Smiglak,
M.; Drab, D. M.; Dykes, Jr., W. H.; Reich, A. J.; Rogers, R. D. Chem. Commun. 2010, in
preparation.

Recently examples of ILs both hypergolic and catalytically ignited have been
published,”*? demonstrating that ILs might ignite when brought in contact with oxidants
(red fuming nitric acid RFNA, nitrogen tetroxide NTO, etc.) or catalysts (Shell 405, S-405,
Aerojet, KC-12 GA, etc.). Thus certain ILs can be a component of propellant fuels. While
these results are promising, the need to use an oxidant (e.g., IRFNA, NTO) in order to
initialize the ignition is required. There are a few known classes of propellants that ignite on
catalyst,™ though the current understanding does not yet allow one to predict which
compounds will or will not be catalytically ignited.”* Hydrazine, NH,NH,, and it’s
derivatives are the most popular examples due to their ready exothermic decomposition on
alumina supported iridium catalysts (Shell-405, S-405,)>>° However, the acute toxicity of
hydrazine, its sensitivity to impact, high vapor pressure, and small liquidus range (mp = 1 °C,
bp = 113.5 °C)’" are severe drawbacks that have prompted studies towards hydrazine
substitutes.

Numerous hydrazine-derived ILs for propellant applications have been studied,’®*! but
many of these exhibit limited thermal stability.** In contrast, 2-hydroxyethylhydrazinium
(HEH) derivatives are thermally stable and possess substantially lower toxicity than that of
other hydrazinium salts® and predicted high performance.®* Nonetheless, the available
literature is limited to the use of HEH salts with the addition of NTO or RENA oxidants.®’
Given the suggested promising properties and the lack of available characterization data for
nitrate salts of HEH, we chose this platform to test our hypothesis that a neutral propellant
would be catalytically ignited when converted to an IL. Catalysts were chosen for study
based on their use in the propellant field with particular emphasis on Shell 405, chosen for its
ability to rapidly and reliably ignite and decompose hydrazine at relatively low
‘[e:mpe:ra‘[ure:.66'68

2-Hydroxyethylhydrazinium nitrate (HEHN) and 2-hydroxyethylhydrazinium dinitrate
(HEH2N) were prepared as reported by Drake. Their synthesis is provided in Appendix A10.
and analises (NMR, IR, DSC, TGA, long-term stability, water content) in Appendix B10.
The initial screening for reactivity was conducted at ambient temperature and pressure.
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Approximately 50 mg of HEHN or HEH2N was added to test tubes loaded with 10 mg of
catalyst, which included Pd, Sm, Fe, Raney Ni, Pt foil, In foil, oxygen-free Cu (OFC),
stainless steel, and Shell 405 (Ir on alumina 32%). Changes were visually monitored over a
3 h period and then examined again after 24 h. The only catalyst with observable activity
(the formation of bubbles) was Shell 405.

Reactivity to Shell 405. Reactions of HEH, HEHN, and HEH2N with preheated Shell 405
(20-30 mesh, 32 wt. % Ir) were conducted by adding an exact amount of each to preweighted
catalyst on a Fischer watch glass. Shell 405 was preheated in a sand bath at atmospheric
pressure to temperatures of 50, 100, 150, or 200 °C. The HEH, HEHN, and HEH2N were
preheated to the same temperatures as the catalyst and added dropwise to the preheated Shell
405 via Pauster pipettes. (HEH2N at 50 °C was added as a solid since this is below its
melting point.) The First Drop Tests in Table 1 refer to addition of each compound to fresh
Shell 405 and were followed by subsequent runs on the same catalyst at optimal temperature
(150 °C).

First Drop (Clean Catalysts) Tests. At 50 °C, the reactions proceeded extremely slowly
with only the formation of bubbles to indicate any reaction at all. Virtually all of the mass of
sample added remained on the catalyst after ~4 h. The reactions were substantially faster at
100 °C and above where visible white smoke and in case of HEH2N flame was observable.
The major differences observed between experiments included the time from addition of IL
to the catalysts and the appearance of smoke; time between time from addition of IL to the
catalysts and the flame, length of duration of the smoke; length of duration of the flame and
the mass consumed in the reaction (measured as the residual mass left on the catalyst).

Upon the addition of the first drop of compound to catalyst, no observable smoke or loss
of mass was observed at 50 °C for any of the compounds, while at 100 °C all three react, but
with a delay between addition and gas evolution. Based on the delay time at 100 °C (Table
1), the order of initial reactivity is HEH2N > HEHN > HEH. When the reaction time is
considered (measured as the total time of smoke evolution), the trend is the same HEH2N >
HEHN >> HEH. Besides, HEH2N catalytically ignited at 100 °C. When the reaction
temperatures are 150 °C and above, all three reactions are immediate with formation of a
visible (but not measureable) caramel-like brown char.

Multiple Drop (Catalyst Recycle) Tests. For the 150 °C, approximately 10 min after each
first drop test and after reheating each catalyst to the required temperature, a second portion
of each IL was added and the results were noted. (This was repeated for the 3™ drop test
using the same protocol.) In general, the qualitative results follow those reported above for
the addition of the first drop at each temperature. However differences are apparent when
considering the data in Table 1.

At 150 °C upon addition of the 2" and 3™ drop, smoke appeared almost immediately for
HEH, however, slight delay time was observed for HEHN. Contrarily, HEH2N reacted even
faster than HEH. The delay times decreased in the order HEHN > HEH > HEH2N. In
addition, the longevity of smoke evolution followed the order HEH2N > HEHN for salts.
These results suggest that although the catalyst is still active after initial reaction, catalyst
activity is decreased. This might be due to the interference of possible char, although in
most cases no measurable char mass remained.
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Table 10.1 Reactivity Data

_Comp. [ s50°C _lwe°c 150°C _200°C |
: Smoke evolution aftera  Smoke evolution after a Smoke evolution after a short
Observations No observable short delay, no ignition  short delay, no ignition delay, no ignition observed,
HEH reaction observed observed temperature is close to bp
I'drop (219 0C)
only Delay of smoke 126 ms 48 ms 24 ms
Smoke Longevity® 2904 ms 3012 ms 2838 ms
Residue® 100% 0% 0% 0%
Smoke evolution aftera  Smoke evolution after a Smoke evolution after a short
Observations No observable short delay, no ignition short delay, then ignition delay, then ignition
reaction observed
HEHN
Idrop  Delay of smoke 1166 ms 90 ms 114 ms
Smoke longevity 4538 ms 1826 ms 2556 ms
Delay of flame - 782 ms 958 ms
Flame longevity - 1826 ms 1064 ms
e Residue 100% 0% 0% ! 0% ...
Smoke evolution after a
Observations No observable short delay, then ignition
reaction
2™drop  Delay of smoke 242 ms
Smoke longevity 2834 ms
Delay of flame 1898 ms
Flame longevity 1216 ms
_______________ Residue ________ 100% O
Smoke evolution after a
Observations No observable short delay, then ignition
reaction
3?drop  Delay of smoke 2594 ms
Smoke longevity 4042 ms
Delay of flame 4342 ms
Flame longevity 2294 ms
Residue 100% 0%*
Smoke evolution aftera Smoke evolution after a Smoke evolution after a short
Observations No observable  short delay, then ignition short delay, then ignition delay, then ignition
reaction i
1}5};‘2); Delay of smoke 582 ms 28 ms il Zyer
Smoke longevity 4690 ms 5614 ms 1242 ms
Delay of flame 1158 ms 78 ms 966 ms
Flame longevity 3652 ms 1716 ms 244 ms
coceeeeooo..Residue 100% 0% 0% e 0% .
Smoke evolution after a
Observations No observable short delay, then ignition
reaction
2"drop  Delay of smoke 312 ms
Smoke longevity 6180 ms
Delay of flame 2854 ms
Flame longevity 516 ms
coceieeeo...Residve 100 %
Smoke evolution after a
Observations No observable short delay, then ignition
reaction
3“drop  Delay of smoke 688 ms
Smoke longevity 5920 ms
Delay of flame 1832 ms
Flame longevity 642 ms
Residue 100% 0%

27



Catalytic Ignition. Catalytic ignition, with an observable flame, was noted for HEHN
and HEH2N. HEH2N appeared the most reactive with catalytic ignition for all drops at 100
°C and above (although longer delay times were noted during each recycling run). HEHN
was less reactive, but did demonstrate catalytic ignition at 200 °C with addition of the 1°' and
2nd portions. In comparison, HEH showed no such reactivity toward Shell 405 at either
temperature.

Figure 10.1 Ignition of HEHN on catalyst (preheated to 105°C) 782ms after the drop
contacted the catalyst.

Two ILs, 2-hydroxyethylhydrazinium nitrate (a room temperature liquid, T, = —56.9 °C)
and hydroxyethylhydrazinium dinitrate (a white solid, Ty, = 67 °C), catalytically decompose
on Shell 405 catalyst, suggesting potential applications as hydrazine alternatives in
propellant applications. Compared with the parent molecular liquid, hydroxyethylhydrazine,
total reactivity increases in the order HEH2N > HEHN >> HEH. Catalytic ignition with an
observable flame was noted for HEH2N at 100 °C and for HEHN at 150 °C, while HEH
showed no such reactivity at either temperature. It was noted that the Shell 405 catalyst
remains active after the initial reaction, although catalytic activity decreases. Use of ILs in
propellant applications could possibly increase safety by reducing the hazards currently
associated with handling of neutral, volatile forms of commonly used propellants. The ILs
studied here possess relatively high thermal stabilities (>100 °C above the boiling point of
hydrazine) and substantially decreased volatility, but certainly optimization of these salts and
discovery of new catalytically ignited derivatives could produce even better results.
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11. Eutectic mixtures of Ionic Liquids

1. Direct, atom efficient, and halide free syntheses of azolium azolate energetic ionic
liquids and their eutectic mixtures, and method for determining eutectic composition
Smiglak, M.; Bridges, N. J.; Dilip, M.; Rogers, R. D. Chem. Eur. J. 2008, 14, 11314 -11319.

It is well known, that in order for an organic salt to exhibit low melting or glass transition
temperature, modifications to the structure of the cation or the anion must be made, usually to
lower the symmetry and increase charge delocalization of the ions.*” Unfortunately, in many
cases this requires redesign of not only the individual ions, but also of the salt itself and its
method of preparation since changes in ion structure may also change other important properties
(e.g., viscosity, density, etc.). It is therefore interesting to note, that in the growing number of IL
applications, the presence of a pure IL (one cation and one anion) may often not be necessary;
one could merely use an entirely ionic fluid.

Specific applications such as liquid mirrors,” electrolytes,”’ solvents for dissolution of
biomass, "> and energetic materials, simply do not require a single cation and anion composition
to perform at their best. One such example where the mixtures of quaternary ammonium salts
with glycerol have been used to extract excess glycerol from biodiesel were recently presented
by Abbott et al” Moreover, we believe, that by formation of mixtures of ILs, multifunctional
capabilities, possibly having synergistic effects, can be introduced by means of the combination
of different properties brought together by different ion components in the mixture (Figure 11.1).
More importantly, however, by proper selection of ions in the mixture, and their relative
concentrations, eutectic mixtures can be envisioned which allow for further depréssion in the
melting point and ready modification of the other physical properties. It is thus, surprising that
the topic of eutectic mixtures composed entirely of multiple ILs has been relatively neglected in
the IL field. (We note that eutectic mixtures of IL or similar salts with neutral solutes such as
water, alcohols, hydrocarbons, etc, have been studied,”””” but much of this work (for example
Abbott’s elegant work with deep eutectic solvents’®) tends to be excluded from the IL
community, reputedly because of the presence of neutral ‘molecules’ in the system.)

viscosity depressant oxygen balance
or surface tension —> modifier or density
modifier \ enhancer

ions mixed with different
ratios depending on
desired performance

] q high energy content ion
melting point 2 g ]
—r or ion with trigger group for
depressant B
hypergolicity
Figure 11.1 Synthetic strategy to form eutectic mixtures of ILs to tune bulk properties.

The investigation of the eutectic composition of [1,3-diMelm][4,5-diNO,-Im] and [1,3-
diMelm][4-NOs-Tri] started with the careful preparation of mixtures of the salts for DSC
experiments according to the protocol described in the experimental section where various mole
fractions of each salt were prepared by addition of the latter. The data show significant melting
point depression for the eutectic in comparison with the pure components ([1,3-diMelm][4,5-
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diNO,-Im] mp = 98.5 °C, and [1,3-diMelm][4-NO,-Tri] mp = 85.7 °C). The intersection of the
two linear equations constructed from the melting point of excess components in the mixture
allowed determination of both the melting point for the eutectic mixture and the composition of
this mixture. The melting point of the eutectic (7¢) was determined to be ~ 69.9 °C at a eutectic
composition (Xg) of ~ 63 mol% of [1,3-diMelm][4-NO,-Tri] and 37 mol% of [1,3-diMelm][4,5-
diNOz-Im].
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Figure 11.2 Two component phase diagram for the mixture [1,3-diMeIm][4,5-diNO,-Im] and
[1,3-diMeIm][4-NO,-Tri]: (—e—) melting point of the eutectic mixture; (—m—) depressed melting
point of [1,3-diMelm][4,5-diNO,-Im] when used in excess to the eutectic composition; (—A-)
depressed melting point of the [1,3-diMelm|[4-NO,-Tri] when used in excess to the eutectic
composition.

With the eutectic composition in hand, we attempted the direct synthesis of the eutectic using
the one-step, halide free approach used to prepare the individual EILs. One equivalent of [1,3-
diMelm-2-COO] was reacted with 0.64 equivalents of 4-nitro-1,2,3-triazole and 0.36 equivalents
of 4,5-dinitroimidazole, in a 9:1 solution of EtOH and DMSO (Figure 11.3). The eutectic
mixture [1,3-diMelm][4,5-diNO,-Im]g36[4-NO,-Tri]opss was obtained as yellow solid in
quantitative yield. DSC analysis of the eutectic mixture of the salts gave a single melting point

transition at 66.5 °C (Figure 11.4) which corresponds closely to the value expected from the
binary phase diagram (66.9 °C).
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Figure 11.3 One-pot synthesis of the eutectic mixture
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Figure 11.4 DSC analysis of the eutectic mixture.

We have demonstrated a synthetic protocol for halide free formation of pure 1,3-
dialkylimidazolium salts which can also be utilized to directly prepare their eutectic mixtures.
This easy to implement, synthetic protocol is applicable to a variety of imidazolium-based salts
and can easily be extended to more complicated multiple ion systems. In order to determine the
correct ion ratios for such multiple ion systems, we have also demonstrated a modified DSC
technique for the determination of the eutectic composition which (i) is simple in operation, (ii)
is quick, and (iii) requires very small sample sizes (ca. 200 mg of each IL for the entire study)
which minimizes the hazards associated with the usage of high quantities of energetic materials.

We envision that the eutectic approach can be easily adapted to the modification of the
melting points of many ILs when the targeted materials fall short of melting point (or other
physical property) requirements and where the presence of multiple ions does not interfere with
the specific application desired. The modified DSC protocol for the determination of the eutectic
point can be used in high throughput screening of binary and ternary mixtures of ILs leading to
the ready identification of additional useful eutectic mixtures.

51



V.

PERSONNEL SUPPORTED

Prof. Robin D. Rogers (Principal Investigator)

Dr. Nicholas J. Bridges (Graduate Student)

Dr. Marcin Smiglak (Graduate Student/Post Doctoral Associate)
David M. Drab (Graduate Student)

Corey C. Hines (Graduate Student)

Gannon Parker (Undergraduate Student)

VI. PUBLICATIONS (BETWEEN FEB 1, 2007 - NOV 30, 2009)

L.

10.

11.

12.

(Published, Subbmitted and In Preparation)
Smiglak, M.; Hines, C. C.; Rogers, R. D., “Azolium azolates from reactions of neutral azoles
with  1,3-diemthylimidazolium-2-carboxylate,  1,2,3-trimethylimidazolium  hydrogen
carbonate, and N,N dimethylpyrrolidinium hydrogen carbonate,” 2010, in preparation.
Drab, D. M.; Smiglak, M.; Hines, C. C.; Rogers, R. D., “Synthesis and thermal
characterization of homologous N-cyanoalkyl-functionalized imidazolium nitrate salts as
dual-functional energetic ionic liquids,” 2010, in preparation.
Drab, D. M.; Smiglak, M.; Shamshina, J. L.; Schneider, S.; Hawkins, T. W.; Rogers, R. D.,
“Synthesis and determination of thermal characteristics for a new, homologous series of N-
cyanoalkyl and N,N-dicyanoalkyl-functionalized imidazolium dicyanamide ionic liquid
salts,” 2010, in preparation.
Drab, D. M.; Smiglak, M.; Shamshina, J. L.; Rogers, R. D., “Click synthesis and thermal
characterization of zinc-containing, alkyl-bridged imidazolium-tetrazolates,” 2010, in
preparation.
Shamshina, J. L.; Smiglak, M.; Drab, D. M.; Dykes, Jr., W. H.; Reich, A. J.; Rogers, R. D.,
“Hypergolic Ionic Liquids for Monopropellant Applications,” 2010, in preparation.
Drab, D. M.; Shamshina, J. L.; Smiglak, M.; Hines, C. C.; Cordes, D. B.; Rogers, R. D., “A
General Design Platform for Ionic Liquid Ions Based on Bridged Multi-Heterocycles with
Flexible Symmetry and Charge,” Chem. Commun. submitted.
Smiglak, M.; Hines, C. C.; Rogers, R. D. “New Hydrogen Carbonate Precursors for Efficient
and Byproduct-Free Syntheses of lonic Liquids Based on 1,2,3-Trimethylimidazolium and
N,N-Dimethylpyrrolidinium Cores,” Green Chem. 2009, accepted.
Cordes, D. B.; Smiglak, M.; Hines, C. C.; Bridges, N. J.; Dilip, M.; Srinivasan,G.; Metlen,
A.; Rogers, R. D. ”Ionic Liquid-Based Routes to Conversion or Reuse of Recycled
Ammonium Perchlorate,” Chem. Eur. J. 2009, Early View, DOI. 10.1002/chem.200901217.
Smiglak, M.; Hines, C. C.; Wilson, T. B.; Singh, S.; Vincek, A. S.; Kirichenko, K.;
Katritzky, A. R.; Rogers, R. D. “Ionic Liquids Based on Azolate Anions,” Chem. Eur. J.
2009, 16, 1572-1584. (accepted as VIP paper).
Smiglak, M.; Bridges, N. J.; Dilip, M.; Rogers, R. D. “Direct, Atom Efficient, and Halide
Free Syntheses of Azolium Azolate Energetic Ionic Liquids and Their Eutectic Mixtures, and
Method for Determining Eutectic Composition,” Chem. Eur. J. 2008, 36, 11314,
Smiglak, M.; Metlen, A.; Rogers, R. D. “The Second Evolution of Ionic Liquids - From
Solvents and Separations to Advanced Materials: Energetic Examples from the Ionic Liquid
Cookbook” Acc. Chem. Res., 2007, 40, 1182.
Drab, D. M.; Smiglak, M.; Rogers, R. D. “Tonic liquids as a unique and versatile }ﬁlatform for
the synthesis and delivery of energetic materials,” In Proceedings for 54" JANNAF
Propulsion Meeting, Denver, CO, (May 14-17, 2007), 62.

32



13.

Bridges, N. J.; Hines, C. C.; Smiglak, M.; Rogers, R. D. “An intermediate for the clean
synthesis of ionic liquids: Isolation and crystal structure of 1,3-dimethylimidazolium
hydrogen carbonate monohydrate,” Chem. Eur. J. 2007, 13, 5207.

VII. PRESENTATIONS (BETWEEN JAN. 15, 2007 — NOV. 30, 2009)

1.

10.

R. D. Rogers, “Approaches to the Understanding and Utilization of Unique Ionic Liquid
Properties: Physical (Solvents), Chemical (Energetic Materials), and Biological
(Pharmaceuticals),” Presented by R. D. Rogers before the 20" International Conference on
Chemical Thermodynamics (2008), Warsaw, Poland, Abstract IL-In-1, p 181. (Invited
Lecture)

M. Smiglak, R. D. Rogers, “Protocols for halide free synthesis of ionic liquids via hydrogen
carbonate precursors.” Presented by M. Smiglak before the 236™ ACS National Meeting
(2008), Philadelphia, PA, Abstract IEC-200.

. R. D. Rogers, Marcin Smiglak, and David M. Drab “A Modular ‘lonic Liquid’ Platform for

the Custom Design of Energetic Materials,” Presented by R. D. Rogers at the Energetic Ionic
Liquids Workshop (2008), Colorado Springs, CO; no abstract. (Invited Presentation)

M. Smiglak, R. D. Rogers, “Protocols for Halide Free Synthesis of Ionic Liquids via
Hydrogen Carbonate Precursors: Design of lonic Liquid Energetic Materials” Presented by
M. Smiglak before the 2" Australasian Symposium on Ionic Liquids, Melbourne, Australia,
May 11-12 2008.

R. D. Rogers, “Approaches to the Understanding and Utilization of Unique Ionic Liquid
Properties: Physical (Solvents), Chemical (Energetic Materials), and Biological
(Pharmaceuticals),” Presented by R. D. Rogers before the International Bunsen Discussion
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Clausthal, Germany, Abstract Book p 63. (Invited Plenary).
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Australia, Abstract Book. (Invited presentation)

S. Schneider, T. Hawkins, M. Rosander, R. D. Rogers, D. M. Drab, M. Smiglak, and A. Vij,
“From halides to azides - Novel ionic liquid azides as energetic materials™ Presented by A.
Metlen, before the 2™ International Congress on Ionic Liquids (COIL-2), Yokohama, Japan,
August 5-10, 2007, Abstract 2P03-043.
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International Congress on Ionic Liquids (COIL-2), Yokohama, Japan, August 5-10, 2007,
Abstract 2P06-066.

M. Smiglak, C. C. Hines, N. J. Bridges, D. M. Drab, and R. D. Rogers, “New Precursors for
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Presented by M. Smiglak, before the 2™ International Congress on Ionic Liquids (COIL-2),
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“The Past, Present, and Future of Ionic Liquids: From Designer Solvents to Advanced New
Materials,” Presented by R. D. Rogers to Colgate-Palmolive, Piscataway, NJ on 9/10/07.
“Ionic Liquids as Transformational Technologies,” Presented by R. D. Rogers to Nippon
Chemical Industrial Company, Tokyo, Japan, on 4/21/08.

“The Evolution of Ionic Liquids — From Solvents and Separations to Advanced Materials and
Pharmaceuticals: Examples from the Ionic Liquid Cookbook,” Presented by R. D. Rogers at
the Danish Technical University (2008), Copenhagen, Denmark, on 6/16/08.

“The Evolution of Ionic Liquids - From Solvents and Separations to Advanced Materials and
Pharmaceuticals: Examples from the Ionic Liquid Cookbook,” Presented by R. D. Rogers to
Brookhaven National Laboratory, Upton, NY on 7/14/08.

“The Evolution of Ionic Liquids - From Solvents and Separations to Advanced Materials and
Pharmaceuticals: Examples from the Ionic Liquid Cookbook,” Presented by R. D. Rogers to
Abbott, Waukegan, IL on 8/14/08.

“The Evolution of Ionic Liquids - From Solvents and Separations to Advanced Materials and
Pharmaceuticals: Examples from the Ionic Liquid Cookbook,” Presented by R. D. Rogers to
the University of Alabama at Birmingham, Birmingham, AL on 9/8/08.

“The Evolution of Ionic Liquids - From Solvents and Separations to Advanced Materials and
Pharmaceuticals: Examples from the Ionic Liquid Cookbook,” Presented by R. D. Rogers to
AMGEN, South San Francisco, CA on 9/10/08.

“The Evolution of Ionic Liquids - From Solvents and Separations to Advanced Materials and
Pharmaceuticals: Examples for the Fragrance Industries,” Presented by R. D. Rogers to
Givaudan, Ashford, United Kingdom on 10/01/08.

“The Evolution of Ionic Liquids - From Solvents and Separations to Advanced Materials and
Pharmaceuticals: Examples from the Ionic Liquid Cookbook,” Presented by R. D. Rogers to
The U.S. Army Research Office/U.S. Army Research Laboratory Ionic Liquids in
Eletroactive Devices MURI Annual Review, Philadelphia, PA on 12/16/08. (Invited Guest
Speaker)

“The Evolution of Tonic Liquids - From Solvents and Separations to Advanced Materials and
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Rutgers University, New Brunswick, NJ on 1/20/09. (Invited Colloquium Speaker)

25. “The Evolution of Tonic Liquids - From Solvents and Separations to Advanced Materials and
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Appendix A
Svnthesis of EILs

Appendix Al
Tonic Liquids Based on Azolate Anions

The preparation of azolate based salts. A diverse set of organic salts, combinations of
cations 3-9 (Q) and anions a-i (Az) (Figure Al.l), were prepared by metathesis chemistry.
Corresponding potassium azolates were combined with the corresponding ammonium or
phosphonium halides in a solvent mixture of acetone:dichloromethane (DCM) (1:1), at 20-25 °C
(Scheme Al.1). The cations included tetraphenylphosphonium 3  ([Ph4P]),
ethyltriphenylphosphonium ([EtPh;P]") 4, N-phenylpyridinium 5 ([N-PhPyr]"), 1-butyl-3-
methylimidazolium 6 ([1-Bu-3-Me-im]") (commonly known as [Csmim]"), tetrabutylammonium
7 ([BwN]"), tetracthylammonium 8 ([Et;N]"), and tetramethylammonium 9 ([MesNT).  The
anions included 5-nitrobenzotriazolate a ([S-NO,-benztri]), 5-nitrobenzimidazolate b ([5-NO,-
benzim]’), 4-nitro-1,2,3-triazolate ¢ ([4-NO,-1,2,3-tri]’), 4-nitroimidazolate d ([4-NO,-im]’), 3,5-
dinitro-1,2,4-triazolate e ([3,5-diNO,-1,2,4-tri]"), 2,4-dinitroimidazolate f ([2,4-diNO,-im]’), 4,5-
dinitroimidazolate g ([4,5-diNO;-im]’), 4,5-dicyanoimidazolate h ([4,5-diCN-im]), and
tetrazolate i ([tetr]).

Cations (Q) Anions (Az)
+ +
H S O2N N O2N N ON
Ta 5 > L)
Ph Et ’ N
\ 4+ \ + N N N
Ph—P=py, Ph—P~pp - 3 -
Phl Ph, a: [5-NO;-benztri]~ b: [5-NO;-benzim]~ c: [4-NO,-1,2,3-tri]~
3: [Ph,P]* 4: [EtPhyP]* O,N NO, NO;
+ Me N N N—(
® A () £ ] AN
N 8 _
Ph ’I’Bu d: [4-NO,-im]~  e: [3,5-diNO,-1,2,4-ri] f: [2,4-diNO-im]~
5: [N-PhPyr]* 6: [1-Bu-3-Me-im]"
O,N NC,
A
+ + \ ) -N
BugN Et,N MesN™ O,N N) NC N_) N
7 8 9 R
g: [4,5-diNO;-im]~ h: [4,5-diCN-im]~ ir [tetr]”

Figure Al.1. Cation and anion combinations explored in this work.

[QIX
—  K[AZ] [QllAz] + KX |
acetone/DCM
K>CO4 2a-c (3-9)a-b
e 2e-g (3-5)c, e—g
1a-i QIX
= - [K[Az] = QIAZ) + KX
acetone/DCM
2d, h-i 3d, h-i

in situ 4d, h-i

Scheme A1l.1. Synthetic routes utilized to form azolate-based salts.
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Potassium azolate salts 2a—c, e-g were prepared by treatment of the corresponding azoles 1a—
¢, e-g with potassium carbonate in acetone. The potassium azolates 2a—c, e-g were reacted with
equimolar amounts of halide salts of 3-9 and precipitated KX was filtered. Isolation of the
corresponding azolates (3—9)a—b and (3-5)c,e~g was performed, in vacuo from the filtrate, in
88-99% yields. Difficult isolation of pure salts 2d, 2h, and 2i was bypassed, by in situ
generation with K,COs, for the synthesis of 4-nitroimidazolates 3—4d, 4,5-dicyanoimidazolates
3—4h, and tetrazolates 3—4i . Azoles 1d, h—i were treated with in situ potassium carbonate and
halide salts of 3-4 to give good yields of salts (3—4)d, h—i after removal of inorganic salts.

Structures of salts (3-9)a~b and (3—5)c—i were supported by 'H and *C NMR spectra, and
elemental analyses (see Experimental Section). As presented in the experimental section, the
crude products were mostly isolated as hydrates, supported by the elemental analyses. Most of
the samples were recrystallized from alcohol prior to further thermal and crystallographic
analysis. Eighteen of the salts were characterized by single crystal diffraction techniques. The
family of [PhsP]" salts are discussed in detail throughout the text, however cif files for all 19
salts are provided in the electronic supporting information.

Procedure for the Preparation of 4,5-Dinitroimidazole 1g. To 4-nitroimidazole (2.0 g, 18
mmol) dissolved in a minimum quantity of concentrated sulfuric acid was added a mixture of
concentrated sulfuric acid (10 mL) and fuming nitric acid (90%, 8 mL, 0.17 mol). The mixture
was heated under reflux for 5 h. After cooling, the mixture was poured into ice, and the pH was
adjusted to 2 by the addition of sodium bicarbonate. The product was extracted with ethyl
acetate. The extract was concentrated to give 4,5-dinitroimidazole as yellow crystals from water
(1.55 g, 55%), mp 166—169 °C (lit. 188—189 °C); '"H NMR ([Ds]DMSO) §12.37 (br s, 1H), 8.06
(s, 1H); *C NMR ([Ds]DMSO) §135.5, 134.9.

General Procedure for the Preparation of Potassium Azolates 2a—c, e—g. Potassium
carbonate (0.85 g, 6 mmol) was added to a solution of appropriate azole (4 mmol) in acetone (40
mL) (Scheme 1). The mixture was stirred at 20 °C for 6 h, filtered and the precipitate was
washed with acetone. The solvent was evaporated and the residue was dried under vacuum to
give potassium azolates 2a—c, e—g.

General Procedure for the Preparation of Azolates (3-9)a—b and (3-5)¢, e-g. A solution
of appropriate tetraphenylphosphonium, ethyltriphenylphosphonium, N-phenylpyridinium, 1-
butyl-3-methylimidazolium, or tetraalkylammonium halide (2 mmol) in dichloromethane (30
mL) was added to a solution of potassium azolate 2a-¢, e-g (2 mmol) in acetone (30 mL) at 20—
25 °C. The reaction mixture was stirred for 3 h, but 24 h for the preparation of
tetramethylammonium salts. The resultant potassium halide precipitate was removed by
filtration and the solvent was evaporated under vacuum. The residue was dried under vacuum.
The product was extracted with acetone, the extract was filtered, and the solvent was removed to
give (3-9)a-b and (3-5)c, e—g.

General Procedure for the Preparation of Azolates (3—4)d, h—i. Anhydrous potassium
carbonate (0.7 g, 5 mmol) was added to a solution of appropriate azole (2 mmol) in acetone (30
mL) and the mixture was stirred for 30 min at 20-25 °C. Then a solution of
tetraphenylphosphonium, ethyltriphenylphosphonium, or N-phenylpyridinium halide (2 mmol) in
dichloromethane (30 mL) was added and the reaction mixture was stirred for 3 h. The mixture
was filtered and concentrated under vacuum. The product was extracted with acetone, the
extract was filtered, and the solvent was removed to give (3—4)d, h—i.

Tetraphenylphosphonium S-nitrobenzotriazolate (3a) monohydrate. Microcrystals from
acetone (95%), mp 141-143 °C (DSC 2™ cycle mp 145 °C); '"H NMR & 7.46-7.53 (m, 8H),
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7.65-7.74 (m, 9H), 7.77-7.86 (m, SH), 8.67 (d, J = 1.8 Hz, 1H); "C NMR 6114.5 (d, J =23
Hz, 1C), 115.1, 116.0, 117.1 (d, J = 89.9 Hz, 4C), 130.5 (d, /= 12.6 Hz, 8C), 134.1 (d, J = 10.3
Hz, 8C), 135.6 (d, /= 3.4 Hz, 4C), 141.2, 144.4, 148.6. Anal. Calcd for C3oH,5sN,O3P: C, 69.22;
H, 4.84; N, 10.76. Found: C, 70.16; H, 4.47; N, 11.15.

Tetraphenylphosphonium S5-nitrobenzimidazolate (3b) monohydrate. Colorless oil
(91%); DSC mp 55 °C; 'H NMR 6 7.53-7.60 (m, 9H), 7.71-7.77 (m, 8H), 7.86—7.91 (m, 5H),
8.27 (s, 1H), 8.50 (d, J = 1.6 Hz, 1H); °C NMR &5 113.4, 114.8, 115.6, 117.1 (d, J = 89.9 Hz,
4C), 130.5 (d, J = 13.2 Hz, 8C), 134.0 (d, J = 10.3 Hz, 8C), 135.6 (d, J = 2.9 Hz, 4C), 140.9,
142.0, 146.9, 152.1. Anal. Caled for C3;H26N305P: C, 71.67; H, 5.04; N, 8.09. Found: C, 70.55;
H, 4.78; N, 8.47.

Tetraphenylphosphonium 4-nitro-1,2,3-triazolate (3c) monohydrate. Light yellow
microcrystals from acetone (95%), mp 157-159 °C (DSC 2" cycle mp 155 °C); '"H NMR &
7.56-7.63 (m, 8H), 7.72-7.78 (m, 8H), 7.86-7.91 (m, 4H), 8.05 (s, 1H); "CNMR §117.1 (d, J
= 89.3 Hz, 4C), 130.0, 130.5 (d, J = 13.2 Hz, 8C), 134.1 (d, /= 11.3 Hz, 8C), 135.6 (d, /= 2.8
Hz, 4C), 154.4. Anal. Calcd for C;6H23N4O3P: C, 66.38; H, 4.93; N, 11.91. Found: C, 66.08; H,
4.36; N, 13.51.

Tetraphenylphosphonium 4-nitroimidazolate (3d). Microcrystals from acetone (94%), mp
162-165 °C (DSC 2™ cycle mp 171 °C); "H NMR 67.29 (s, 1H), 7.54—7.62 (m, 8H), 7.70-7.76
(m, 8H), 7.84-7.90 (m, 5H); *C NMR §117.2 (d, J = 89.3 Hz, 4C), 130.5 (d, J=12.6 Hz, 8C),
132.1, 134.1 (d, J = 10.3 Hz, 8C), 135.6 (d, J = 3.4 Hz, 4C), 146.7, 146.7. Anal. Calcd for
Ca7H2oN30,P: C, 71.83; H, 4.91; N, 9.31. Found: C, 71.01; H, 4.79; N, 9.24.

Tetraphenylphosphonium 3,5-dinitro-1,2,4-triazolate (3¢). Microcrystals from acetone
(99%), mp 175-178 °C (DSC 2™ cycle mp 171 °C); '"H NMR & 7.58-7.65 (m, 8H), 7.73-7.79
(m, 8H), 7.87-7.92 (m, 4H); *C NMR §117.2 (d, J = 89.9 Hz, 4C), 130.5 (d, J=13.1 Hz, 8C),
134.2 (d, J = 10.3 Hz, 8C), 135.6 (d, J = 2.9 Hz, 4C), 163.2. Anal. Calcd for CysH0NsO4P: C,
62.78; H, 4.05; N, 14.08. Found: C, 62.65; H, 3.88; N, 14.26.

Tetraphenylphosphonium 2,4-dinitroimidazolate (3f). Microcrystals from acetone (90%),
mp 195-197 °C (DSC 2™ cycle mp 191 °C); 'H NMR & 7.57-7.64 (m, 8H), 7.67 (s, 1H),
7.72-7.78 (m, 8H), 7.86-7.91 (m, 4H); *C NMR §117.2 (d, J = 89.9 Hz, 4C), 130.3,130.5(d, J
=12.6 Hz, 8C), 134.1 (d, J = 10.9 Hz, 8C), 135.6 (d, J=2.9 Hz, 4C), 147.1, 154.2. Anal. Calcd
for Co7H21N4O4P: C, 65.32; H, 4.26; N, 11.29. Found: C, 64.48; H, 4.18; N, 11.26.

Tetraphenylphosphonium 4,5-dinitroimidazolate (3g). Microcrystals from acetone (92%),
mp 159-162 °C (DSC 2™ cycle mp 145 °C); 'H NMR & 7.00 (s, 1H), 7.58-7.65 (m, 8H),
7.72-7.79 (m, 8H), 7.88-7.93 (m, 4H); >C NMR §116.9 (d, J = 89.9 Hz, 4C), 1303 (d, J=12.6
Hz, 8C), 133.9 (d, J = 10.3 Hz, 8C), 135.4 (d, J= 2.8 Hz, 4C), 139.5, 139.6, 140.3. Anal. Calcd
for Co7H21N4O4P: C, 65.32; H, 4.26; N, 11.29. Found: C, 64.37; H, 4.05; N, 11.37.

Tetraphenylphosphonium 4,5-dicyanoimidazolate (3h). Microcrystals from acetone
(88%), mp 157-159 °C (DSC 2™ cycle mp 149 °C); 'H NMR §7.37 (s, 1H), 7.56-7.64 (m, 8H),
7.71-7.78 (m, 8H), 7.87-7.92 (m, 4H).; C NMR §116.9, 117.2 (d, J = 89.4 Hz, 4C), 130.5 (d,
J =132 Hz, 8C), 134.1 (d, J = 10.3 Hz, 8C), 135.6 (d, J = 3.4 Hz, 4C), 148.9, 148.9. Anal.
Calcd for CoH1N4P: C, 76.30; H, 4.64; N, 12.27. Found: C, 75.42; H, 4.46; N, 12.74.

Tetraphenylphosphonium tetrazolate (3i) monohydrate. Microcrystals from acetone
(85%), mp 308-311 °C (DSC mp at Tz 290 °C); 'H NMR & 7.55-7.62 (m, 8H), 7.71-7.78 (m,
8H), 7.88-7.91 (m, 4H), 8.31 (s, 1H); "C NMR &117.1 (d, ]=89.4 Hz, 4C), 130.5 (d, J=13.2 Hz,
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8C), 134.0 (d, J=10.3 Hz, 8C), 135.5 (d, J=3.4 Hz, 4C), 149.6 (d, J=2.9 Hz, 1C). Anal. Calcd for
CpsHp3N4OP: C, 70.41; H, 5.44; N, 13.14. Found: C, 71.64; H, 5.04; N, 13.52.

Ethyltriphenylphosphonium 5-nitrobenzotriazolate (4a) monohydrate. Light brown
microcrystals from acetone (99%); mp 120-122 °C (DSC 2™ cycle mp 131 °C); 'H NMR 6 1.29
(dt, J=19.8,7.5 Hz, 3H), 3.18-3.30 (m, 2H), 7.51-7.65 (m, 12H), 7.72-7.85 (m, 4H), 7.83 (dd,
J=19.0,2.2 Hz, 1H), 8.65 (d, J= 2.2 Hz, 1H); "C NMR §6.6, 16.3 (d, J = 52.7 Hz, 1C), 114.3
(d,J=3.4Hz 1C), 115.2, 115.9, 117.2 (d, J = 86.4 Hz, 3C), 130.3 (d, J = 12.0 Hz, 6C), 133.0
(d, J = 9.8 Hz, 6C), 135.1 (d, J = 2.8 Hz, 3C), 141.3, 144.3, 148.5. Anal. Calcd for
Ca6H2sN4OsP: C, 66.09; H, 5.33; N, 11.86. Found: C, 65.56; H, 4.89; N, 11.35.

Ethyltriphenylphosphonium S-nitrobenzimidazolate (4b) monohydrate. Red oil (98%);
DSC 1% cycle mp 88 °C; 'H NMR §1.28 (dt, J=19.8 & 7.4 Hz, 3H), 3.15 (dq, J=12.6 & 7.4 Hz,
2H), 7.50-7.58 (m, 7H), 7.61-7.68 (m, 6H), 7.76-7.81 (m, 3H), 7.89 (dd, J=8.8 & 2.2 Hz, 1H),
8.26 (s, 1H), 8.48 (d, J=2.2 Hz, 1H); "C NMR 6§ 6.4, 16.3 (d, J = 52.1 Hz, 1C), 113.5, 114.1,
115.2,117.2 (d, J= 85.9 Hz, 3C), 130.3 (d, /= 12.6 Hz, 6C), 132.9 (d, J=9.7 Hz, 6C), 135.1 (d,
J=29 Hz, 3C), 139.2, 144.8, 151.8, 158.1. Anal. Calcd for C,7H6N30;P: C, 68.78; H, 5.13; N,
8.91. Found: C, 67.43; H, 5.61; N, 7.94.

Ethyltriphenylphosphonium 4-nitro-1,2,3-triazolate (4c). Light yellow microcrystals
from acetone (99%); mp 90-92 °C (DSC 2™ cycle mp 97 °C); '"H NMR &1.38 (dt, J = 19.8, 7.4
Hz, 3H), 3.44 (dq, J = 12.8, 7.5 Hz, 2H), 7.65-7.72 (m, 12H), 7.70-7.84 (m, 3H), 8.07 (s, 1H);
BCNMR §6.6 (d,J=5.2 Hz, 1C), 16.4 (d, J= 52.7 Hz, 1C), 117.4 (d, J = 86.5 Hz, 3C), 130.1,
130.4 (d, J = 12.6 Hz, 6C), 133.2 (d, J = 9.7 Hz, 6C), 135.1 (d, J = 2.9 Hz, 3C), 154.5. Anal.
Caled for CyoHp N4OoP: C, 65.34; H, 5.23; N, 13.85. Found: C, 64.36; H, 5.13; N, 13.71.

Ethyltriphenylphosphonium 4-nitroimidazolate (4d) monohydrate.  Light yellow
microcrystals from acetone (98%); mp 89-91 °C (DSC 2™ cycle mp 100 °C); 'H NMR §1.35 (dt,
J =198, 7.4 Hz, 3H), 3.44 (dq, J = 12.7, 7.5 Hz, 2H), 7.28 (s, 1H), 7.60-7.72 (m, 12H),
7.78-7.84 (m, 3H), 7.89 (s, 1H); *C NMR 66.5 (d, J = 5.2 Hz, 1C), 16.3 (d, J = 52.7 Hz, 1C),
117.3 (d, J = 86.2 Hz, 3C), 130.4 (d, J = 12.6 Hz, 6C), 132.3, 133.1 (d, J = 10.3 Hz, 6C), 135.1
(d,J=2.9Hz, 3C), 146.7 (d, J= 4.0 Hz, 1C), 148.3. Anal. Caled for C53H,4N;03P: C, 65.55; H,
5.74; N, 9.97. Found: C, 66.57; H, 5.40; N, 9.85.

Ethyltriphenylphosphonium 3,5-dinitro-1,2,4-triazolate (4e). Microcrystals from acetone
(96%), mp 124-125 °C (DSC 2™ cycle mp 127 °C); '"H NMR & 1.44 (dt, J=19.8, 7.6 Hz, 3H),
3.38 (dq, J = 12.6, 7.4 Hz, 2H), 7.64-7.75 (m, 12H), 7.79-7.86 (m, 3H); >C NMR §6.6 (d, J =
5.7 Hz, 1C), 16.6 (d, J = 53.3 Hz, 1C), 117.2 (d, J = 86.5 Hz, 3C), 130.5 (d, J = 12.6 Hz, 6C),
133.2 (d, J = 9.7 Hz, 6C), 135.3 (d, J = 3.5 Hz, 3C), 163.2. Anal. Calcd for C3,H,Ns04P: C,
58.80; H, 4.49; N, 15.58. Found: C, 58.63; H, 4.35; N, 15.19.

Ethyltriphenylphosphonium 2,4,-dinitroimidazolate (4f) monohydrate. Light yellow
microcrystals from acetone (96%); mp 68-70 °C (DSC 1* cycle mp 70 °C); '"H NMR & 1.41 (dt,
J=19.6, 7.4 Hz, 3H), 3.39 (dq, J=12.6, 7.4 Hz, 2H), 7.63-7.74 (m, 13H), 7.78-7.86 (m, 3H); °C
NMR 66.5, 16.4 (d, J=53.3 Hz, 1C), 117.1 (d, J=85.9 Hz, 3C), 130.3, 130.4 (d, J=12.6 Hz, 6C),
133.0 (d, J=9.6 Hz, 6C), 135.1 (d, J=2.9 Hz, 3C), 147.0, 154.1. Anal. Calcd for Cy3H33N;O5P: C,
59.23; H,4.97; N, 12.01. Found: C, 60.29; H, 4.64; N, 11.40.

Ethyltriphenylphosphonium 4,5-dinitroimidazolate (4g). Yellow microcrystals from
acetone (95%); mp 91-93 °C (DSC 1% cycle mp 97 °C); '"H NMR & 1.39 (dt, J = 19.8, 7.4 Hz,
3H), 3.25 (dq, J = 12.7, 7.5 Hz, 2H), 7.00 (s, 1H), 7.59-7.73 (m, 12H), 7.79-7.85 (m, 3H); °C
NMR 66.6, 16.6 (d, J = 52.7 Hz, 1C), 117.2 (d, J = 86.4 Hz, 3C), 130.5 (d, J = 12.6 Hz, 6C),
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133.2 (d, J= 9.7 Hz, 6C), 135.3 (d, J = 3.5 Hz, 3C), 139.8 (d, J = 5.7 Hz, 1C), 140.6. Anal.
Caled for Cy3Hy1N4O4P: C, 61.61; H, 4.72; N, 12.49. Found: C, 61.33; H, 4.74; N, 12.36.

Ethyltriphenylphosphonium 4,5-dicyanoimidazolate (4h). Light yellow oil (96%); DSC
2" cycle mp -29 °C; "H NMR & 1.40 (dt, J = 19.5, 7.3 Hz, 3H), 3.21 (dq, J = 12.7, 7.4 Hz, 2H),
7.39 (s, 1H), 7.59-7.66 (m, 6H), 7.68—7.74 (m, 6H), 7.81-7.86 (m, 3H); >*C NMR 6.6, 16.6 (d,
J=153.2Hz 1C), 116.9, 117.1 (d, J=85.9 Hz, 3C), 118.4, 130.5 (d, J=12.6 Hz, 6C), 133.1 (d, J
=9.7 Hz, 6C), 1354 (d, J= 3.4 Hz, 3C), 148.9 (d, /= 8.0 Hz, 1C). Anal. Calcd for C,sHN4P:
C,73.52; H, 5.18; N, 13.72. Found: C, 72.87; H, 5.33; N, 13.44.

Ethyltriphenylphosphonium tetrazolate (4i) monohydrate. Light yellow microcrystals
from acetone (89%); mp 83-85 °C (DSC 1% cycle mp 51 °C); "H NMR §1.32 (dt, J=20.0, 7.6 Hz,
3H), 3.38 (dq, J=12.7, 7.8 Hz, 2H), 7.62-7.72 (m, 12 H), 7.76-7.82 (m, 3H), 8.30 (s, 1H); *C
NMR 6 6.4 (d, J=5.2 Hz, 1C), 16.0 (d, J=52.7 Hz, 1C), 117.5 (d, J=85.9 Hz, 3C), 130.3 (d,
J=12.6 Hz, 6C), 133.1 (d, J=10.3 Hz, 6C), 134.9 (d, J=2.9 Hz, 3C), 149.6 (d, J=4.0 Hz, 1C).
Anal. Calcd for C;;Ha3N4OP: C, 66.65; H, 6.13; N, 14.81. Found: C, 66.87; H, 5.94; N, 14.57.

N-Phenylpyridinium 5-nitrobenzotriazolate (5a) monohydrate. Black microcrystals from
acetone (96%); mp 79-81 °C (DSC 1* cycle mp 75 °C); 'H NMR (DMSO-dg) & 7.73-7.76 (m,
4H), 7.83 (dd, J=9.0, 2.1 Hz, 1H), 7.88-7.92 (m, 2H), 8.29-8.34 (m, 2H), 8.62 (d, J=2.0 Hz, 1H),
8.79 (t, J=7.8 Hz, 1H), 9.36 (d, J=5.6 Hz, 2H); >C NMR (DMSO-dg) §113.5 (d, J=3.4 Hz, 1C),
115.0, 115.7, 124.7, 128.1, 130.2, 131.2, 140.7, 142.8, 143.8, 144.9, 146.6, 147.8. Anal. Calcd
for C17H1sNsO5: C, 60.53; H, 4.48; N, 20.76. Found: C, 59.92; H, 4.21; N, 21.11.

N-Phenylpyridinium 4-nitro-1,2,3-triazolate (Sc). Microcrystals from acetone (94%); mp
129-131 °C (DSC 2™ cycle mp 135 °C); 'H NMR (DMSO-dg) 6 7.73-7.76 (m, 3H), 7.89-7.92
(m, 2H), 8.02 (s, 1H), 8.30-8.34 (m, 2H), 8.80 (t, /= 7.8 Hz, 1H), 9.36 (d, J = 5.5 Hz, 2H); *C
NMR (DMSO-dg) 6124.7, 128.1, 129.5, 130.2, 131.2, 142.8, 144.9, 146.6, 154.1. Anal. Calcd
for C13H11NsO,: C, 57.99; H, 4.12; N, 26.01. Found: C, 57.75; H, 3.95; N, 26.28.

N-Phenylpyridinium 3,5-dinitro-1,2,4-triazolate (5¢). Microcrystals from acetone (88%);
mp 158-160 °C (DSC 2™ cycle mp 167 °C); 'H NMR (DMSO-d¢) & 7.73-7.77 (m, 3H),
7.88~7.92 (m, 2H), 8.30-8.35 (m, 2H), 8.80 (t, /= 7.8 Hz, 1H), 9.36 (d, J = 5.5 Hz, 2H); "*C
NMR (DMSO-dg) 6 124.7, 128.1, 130.2, 131.2, 142.8, 145.0, 146.6, 162.9. Anal. Calcd for
C13H10NgO4: C, 49.69; H, 3.21; N, 26.74. Found: C, 49.53; H, 2.99; N, 26.27.

N-Phenylpyridinium 2,4-dinitroimidazolate (5f). Light yellow microcrystals from acetone
(93%), mp 140-142 °C (DSC 2™ cycle mp 143 °C); 'H NMR (DMSO-dg) §7.71 (s, 1H), 7.74-
7.77 (m, 3H), 7.89-7.92 (m, 2H), 8.30-8.35 (m, 2H), 8.80 (t, J=7.8 Hz, 1H), 9.37 (d, J=5.7 Hz,
2H); C NMR (DMSO-dg) & 100.1, 124.8, 128.1, 130.2, 130.3, 131.2, 142.8, 145.0, 146.6,
146.8. Anal. Calcd. For Ci4H;NsO4: C, 53.68; H, 3.54; N, 22.36. Found: C, 53.99; H, 3.40; N,
22.29.

N-Phenylpyridinium 4,5-dinitroimidazolate (5g). Light brown microcrystals from acetone
(91%), mp 129-132 °C (DSC 2™ cycle mp 140 °C); '"H NMR (DMSO-dg) 6 6.94 (s, 1H), 7.74-
7.77 (m, 3H), 7.88-7.91 (m, 2H), 8.29-8.34 (m, 2H), 8.79 (t, J=7.8 Hz, 1H), 9.36 (d, J=5.8 Hz,
2H); *C NMR (DMSO-ds) 6 124.7, 128.1, 130.2, 131.2, 139.3, 139.4, 142.8, 145.0, 146.5.
Anal. Caled. For C4H 1NsO4: C, 53.68; H, 3.54; N, 22.36. Found: C, 53.45; H, 3.34; N, 22.29.

1-Butyl-3-methylimidazolium 5-nitrobenzotriazolate (6a). Colorless oil (94%); DSC 2™
cycle 7, -41 °C; 'HNMR 60.83 (t,J=7.3 Hz, 3H), 1.15-1.28 (m, 2H), 1.66—1.76 (m, 2H), 3.92
(s, 3H), 4.09 (t,/= 7.4 Hz, 2H), 7.24 (t, /= 1.8 Hz, 1H), 7.28 (t, /= 1.6 Hz, 1H), 7.82 (d, /= 8.9
Hz, 1H), 7.94 (dd, J = 8.9 & 2.1 Hz, 1H), 8.78 (d, J = 2.1 Hz, 1H), 9.81 (s, 1H); °C NMR &
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13.1,19.2,31.7,36.2, 49.7, 114.2, 116.0, 116.1, 121.8, 123.2, 137.2, 142.0, 144.2, 148.3. Anal.
Caled for C14H;3sN6O,: C, 55.62; H, 6.00; N, 27.80. Found: C, 54.65; H, 6.16; N, 27.00.

1-Butyl-3-methylimidazolium 5-nitrobenzimidazolate (6b) monohydrate. Colorless oil
(98%); DSC 2™ cycle T, -34 °C; '"H NMR & 0.87 (t, J = 7.3 Hz, 3H), 1.16-1.29 (m, 2H),
1.64-1.74 (m, 2H), 3.79 (s, 3H), 3.99 (t, /= 7.3 Hz, 2H), 7.15-7.17 (m, 2H), 7.57 (d, J= 8.9 Hz,
1H), 7.93 (dd, J = 8.9 & 2.2 Hz, 1H), 8.29 (s, 1H), 8.50 (d, J = 2.2 Hz, 1H), 9.42 (s, 1H); *C
NMR 6 13.1, 19.2, 31.7, 36.0, 49.5, 113.1, 115.2, 115.2, 121.8, 123.1, 136.5, 140.4, 143.0,
149.2, 154.7. Anal. Calcd for CisH21NsOs: C, 56.41; H, 6.63; N, 21.93. Found: C, 56.42; H,
6.62; N, 21.89.

Tetrabutylammonium S-nitrobenzotriazolate (7a) monohydrate. Microcrystals from
acetone (96%), mp 91-93 °C (DSC 2™ cycle mp 60 °C); 'H NMR 50.92 (t, J= 7.2 Hz, 12H),
1.32 (sextet, J = 7.2 Hz, 8H), 1.43-1.53 (m, 8H), 3.03-3.09 (m, 8H), 7.82 (d, J = 8.9 Hz, 1H),
7.94 (dd, J = 8.9 & 2.1 Hz, 1H), 8.80 (d, J = 2.1 Hz, 1H); *C NMR & 13.4, 19.4, 23.6, 58.4,
114.3, 115.7, 116.0, 141.7, 144.1, 148.3. Anal. Calcd for CyHsNsO;: C, 62.38; H, 9.76; N,
16.53. Found: C, 61.97; H, 10.04; N, 15.98.

Tetrabutylammonium S-nitrobenzimidazolate (7b). Microcrystals from acetone (99%),
mp 99-101 °C (DSC 2™ cycle mp 81 °C); '"H NMR §0.94 (t, J = 7.0 Hz, 12H), 1.22-1.40 (m,
16H), 2.75-2.80 (m, 8H), 7.53 (d, J= 8.8 Hz, 1H), 7.89 (dd, /= 8.8 & 2.3 Hz, 1H), 8.21 (s, 1H),
8.51 (d, /= 2.3 Hz, 1H); >C NMR & 13.5, 19.4, 23.5, 58.2, 113.6, 114.2, 115.5, 139.4, 144.9,
152.0, 158.4. Anal. Caled for Cy3HsN4O,: C, 68.28; H, 9.96; N, 13.85. Found: C, 67.17; H,
10.42; N, 13.35.

Tetraethylammonium S-nitrobenzotriazolate (8a). Colorless oil (98%); DSC 2" cycle mp
64 °C; 'THNMR §1.15 (dt, J=7.3 & 1.7 Hz, 12H), 3.08 (q, /= 7.3 Hz, 8H), 7.81 (d, /= 9.0 Hz,
1H), 7.93 (dd, J = 9.0 & 2.1 Hz, 1H), 8.78 (d, J = 2.1 Hz, 1H); "C NMR §7.3, 52.2 (t, J= 3.0
Hz, 4C), 114.1, 115.7, 116.0, 141.7, 144.2, 148.4. Anal. Caled for C4Hy3N505: C, 57.32; H,
7.90; N, 23.87. Found: C, 56.01; H, 8.17; N, 22.58.

Tetraethylammonium S-nitrobenzimidazolate (8b) monohydrate. Microcrystals from
acetone (99%), mp 42-43 °C (DSC 2™ cycle mp 101 °C); 'THNMR §1.11 (tt, J= 7.3 & 1.6 Hz,
12H), 2.97 (q, J= 7.3 Hz, 8H), 7.59 (d, J= 8.8 Hz, 1H), 7.94 (dd, J= 8.8 & 2.3 Hz, 1H), 8.28 (s,
1H), 8.53 (d, /= 2.2 Hz, 1H); "C NMR 6 7.12, 52.1 (t, J = 2.9 Hz, 4C), 113.1, 115.0, 115.2,
140.3, 143.2, 149.4, 155.1. Anal. Caled for C;sHysN4Os: C, 58.04; H, 8.44; N, 18.05. Found: C,
58.80; H, 8.47; N, 17.88.

Tetramethylammonium 5-nitrobenzotriazolate (9a). Microcrystals from acetone (89%),
mp 192-195 °C (DSC mp at Ty, 192 °C); "H NMR (DMSO) §3.13 (s, 12H), 7.74 (d, J = 8.8 Hz,
1H), 7.82 (dd, J= 8.8 & 2.1 Hz, 1H), 8.62 (d, J = 2.1 Hz, 1H); “C NMR (DMSO) §54.3 (t, J =
4.4 Hz, 4C), 113.5, 114.6, 115.8, 140.5, 144.1, 148.4. Anal. Calcd for C;oHisNsO,: C, 50.62; H,
6.37; N, 29.52. Found: C, 50.29; H, 6.73; N, 28 .46.

Tetramethylammonium 5-nitrobenzimidazolate (9b) monohydrate. Microcrystals from
acetone (93%), mp 66—68 °C (DSC 2™ cycle mp 119 °C); 'H NMR (DMSO) & 3.10 (s, 12H),
7.37(d, J= 8.8 Hz, 1H), 7.73 (dd, J= 8.8 & 2.3 Hz, 1H), 7.98 (s, 1H), 8.27 (d, /= 2.3 Hz, 1H);
“C NMR (DMSO) § 544, 112.5, 113.0, 115.0, 137.9, 145.4, 152.9, 158.8. Anal. Caled for
C1iHisN4Os: C, 51.96; H, 7.13; N, 22.03. Found: C, 53.54; H, 6.45; N, 21.06.
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Appendix A2
New Hvydrogen Carbonate Precursors for Efficient and Byproduct-Free
Svntheses of Ionic Liquids Based

Preparation of Hydrogen carbonate IL precursors. Reactivity of 1,2,3-
Trimethylimidazolium Methyl Carbonate ([1,2,3-triMelIM][MeCOj3]). The salt 1,2,3-
trimethylimidazolium methyl carbonate ([1,2,3-triMeIM][MeCOs]) was synthesized by
alkylation of 1,2-dimethylimidazole with dimethyl carbonate, at 70 °C for 10 days in a sealed
pressure tube (Figure 3a). Because of the possible reaction outcomes (i.e., formation of the
desired [1,2,3-triMeIM][MeCO;] or the 1,2,3-trimethylimidazolium-4-carboxylate ([1,2,3-
triMeIM-4-COQ]) byproduct (Figure 4)), the correct NMR solvent had to be used in order to
provide reliable proof for the structure of the final product. The pyrrolidinium core was chosen
for study to represent non-aromatic amines that would not undergo bonding of the carbonate
group to the pyrrolidinium core, and thus not form a zwitterionic species. Another benefit of
working with this cation core is its wide electrochemical window, thus having potential for use in
electrochemical applications.”” It was anticipated that in the reaction of N-alkylpyrrolidine and
dialkyl carbonate, only the N, N-dialkylpyrrolidinium alkyl carbonate would be formed. This
could then undergo an anion conversion process, as described above, with clean formation of the
[HCO3] -based salt and alcohol as the byproduct.
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Figure A2.1. General protocol for the synthesis of a) 1,2,3-trimethylimidazolium methyl
carbonate, b) 1,2,3-trimethylimidazolium hydrogen carbonate, and ¢) N, N-dimethylpyrrolidinium
‘ hydrogen carbonate.

Synthesis of 1,2,3-Trimethylimidazolium Methyl Carbonate ([1,2, 3-triMeIM][MeCOs]).

The synthesis of [1,2,3-triMeIM][MeCO;] followed a previously published method for the
synthesis of [1,3-diMeIM-2-COOQ] via an alkylation reaction of 1-methylimidazole with DMC.
4.8 g (50 mmol) of 1,2-dimethylimidazole and 9 g (100 mmol) of DMC were placed in a 20 mL
thick-walled glass pressure tube. The tube was sealed, placed in an oven, and heated to 70 °C for
10 days (Figure 3a). The resulting yellow liquor was cooled to room temperature and unreacted
substrates removed under high vacuum, at which time the product (7.44 g) crystallized in the
form of slightly colored crystals. |
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1,2,3-Trimethylimidazolium Methyl Carbonate ([1,2,3-triMeIM][MeCO3]): White solid,
very hygroscopic, 80% yield, m.p. 79 °C, Tsoz.= 104 °C; 'H NMR (500 MHz, CDCl3) 6 =2.74
(s, 3H, C2-CHs), 3.45 (s, 3H, CH3CO3), 3.94 (s, 6H, N-CHs), 7.74 (s, 2H, C4/C5-H); *C NMR
(125 MHz, CDCls) 6 = 9.52 (C2-CH3), 35.16 (N-CH3), 52.02 (CH;COs), 122.69 (C4/C5), 143.99
(C2), 157.98 (CH;CO;); 'H NMR (500 MHz, [D4] MeOH) & = 2.50 (s, 3H; C2-CHj3), 3.23 (s,
3H; CH3COs3), 3.71 (s, 6H, N-CH), 7.35 (s, 2H, C4/C5-H); *C NMR (125 MHz, [D4s] MeOH) &
= 9.34 (C2-CH;), 35.42 (N-CHj), 49.90 (CH3COs;), 123.35 (C4/C5), 146.52 (C2), 161.37
(CH3COs3). Single crystal X-ray diffraction analysis: colorless plates; CgHsN,O3; MW 186.21;
T = 173 K; Monoclinic; P2;/n; a = 6.8805(6) A; b = 11.6254(10) A; ¢ = 11.9614(11) A; p =
96.229(2)% V = 951.13(15) A*; Z = 4; Deyie = 1.300 g cm™; Ry, wR, [1 > 26(I)] = 0.0428, 0.1044;
R, wR, (all data) = 0.0510, 0.1087.

Synthesis of 1,2,3-Trimethylimidazolium Hydrogen Carbonate ([1,2,3-triMeIM][HCO;3]).
Via Reaction in EtOH/H>0: 0.5 g (2.7 mmol) (of [1,2,3-triMIM][MeCO;] was dissolved in 3 mL
of EtOH and 1.5 mL (83 mmol) DI H,O was added (Figure 3b). The reaction was stirred
overnight at 40 °C, after which time the solvent was evaporated on the rotary evaporator, and the
sample was analyzed by NMR. The NMR spectra confirmed the quantitative conversion to
[1,2,3-triMeIM][HCO;]. The slightly colored solid product (0.46 g) was obtained in 99% yield.

 Via Reaction in EtOH/Acetone: 1.5 g (8.1 mmol) of [1,2,3-triMeIM][MeCO;] was dissolved
in a minimum amount of EtOH (2 mL) and heated to 40 °C to allow complete dissolution of the
starting material. 10 mL of acetone, spiked with 0.3 mL (16.7 mmol) DI H,O, was then added
dropwise to the EtOH solution, producing a precipitate which was separated by centrifugation.
The remaining solution was concentrated by partial evaporation of the solvent on a rotary
evaporator at 40 °C, and another portion of acetone (10 mL) was added allowing for more
precipitation. The process was repeated 2 more times until no precipitate was noticed. The
combined solid was dried under high vacuum at 40 °C for 12 h. A white, hygroscopic solid
(1.39 g), with a melting point at the decomposition temperature was obtained with a total yield of
91%.

1,2,3-Trimethylimidazolium Hydrogen Carbonate Monohydrate ([1,2,3-
triMeIM][HCOs]-H,0): White solid, very hygroscopic, 91% yield, m.p. at Tsodec, Tsosgec= 112
°C; '"H NMR (500 MHz, D,0) & = 2.57 (s, 3H; C2-CHjy), 3.78 (s, 6H, N-CH3), 7.30 (s, 2H,
C4/C5-H); C NMR (125 MHz, D,0) & = 9.41 (C2-CHy), 35.32 (N-CH3), 122.55 (C4/C5),
145.50 (C2), 161.03 (HCOs3); 'H NMR (500 MHz, [D4] MeOH) § = 2.51 (s, 3H; C2-CHy), 3.72
(s, 6H, N-CH,), 7.36 (s, 2H, C4/C5-H); C NMR (125 MHz, [D,] MeOH) & = 9.37 (C2-CH,),
35.44 (N-CH3), 123.35 (C4/C5), 146.48 (C2), 161.32 (CH;CO;3). Single crystal X-ray diffraction
analysis of [1,2,3-triMeIM][HCO;]-H,O: colorless needles; C7H;4N,O4; MW 190.20 ; T = 173
K; Monoclinic; P2i/n; a = 7.479(2) A; b = 13.289(4) A; ¢ = 9.636(3) A; B = 90.011(5)°; V =
954.0(5) AB; Z=4;Dc=1324¢ cm'3; Ry, wRy [1 > 20(I)] = 0.0719, 0.1097; R, wR; (all data)
=0.1822,0.1407.”

Synthesis of N,N-Dimethylpyrrolidinium Hydrogen Carbonate ([N,N-diMePyr][HCOj3]).

4.0 g (50 mmol) of N-methypyrrolidine was initially dissolved in 5 mL of EtOH and transferred
into a 20 mL thick-walled pressure tube. Next, 9 g (100 mmol) of DMC was added to the
solution at room temperature. The tube was sealed, stirred vigorously, placed in the oven, and
heated to 90 °C. The reaction mixture was kept at those conditions for 14 days, and then cooled
to room temperature (Figure 3c) giving a dark red liquor. Excess unreacted substrates were
removed using a rotary evaporator at 90 °C, and later high vacuum at 70 °C. No product
crystallized from the mother liquor.
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Due to problems with isolating the product from the red liquor, the intermediate was
converted in sifu into N,N-dimethylpyrrolidinium hydrogen carbonate. To the oily-red
concentrated reaction mixture 10 mL of wet acetone was added resulting in the complete
dissolution of reaction mixture. After 1 h a crystalline product slowly started to appear. After 24
h at room temperature, the vessel was placed in the refrigerator and kept at this temperature for
an additional 72 h. A white, solid, very hygroscopic product was separated from the red liquor
by centrifugation, and washed twice with cold acetone. The remaining extract was concentrated,
more solid product precipitated, and later was separated by centrifugation. After combining the
two precipitation batches, the product was dried under high vacuum for 12 h at room
temperature, resulting in a white, hygroscopic solid (5.80 g; 72% total yield and 98% purity),
with a melting point at the decomposition temperature .

N,N-Dimethylpyrrolidinium Hydrogen Carbonate ([V,N-diMePry][HCOs]): White solid,
very hygroscopic, 72% yield, m.p. at Tsogec, Tsosgec 158 °C; 'H NMR (500 MHz, D,0) 6 =2.23
(t, 4H; CH,), 3.14 (s, 6H, N-CH3), 3.51 (t, 4H, N-CH,); *C NMR (125 MHz, D,0) & = 21.65
(CHp), 51.67 (N-CH3), 65.82 (N-CH,), 160.17 (HCO3); 'H NMR (500 MHz, [Dq] DMSO) 8 =
2.08 (t, 4H; CH,), 3.05 (s, 6H, N-CH3), 3.42 (t, 4H, N-CH,); *C NMR (125 MHz, [Ds] DMSO)
6 = 21.76 (CH,), 51.50 (N-CH3), 65.33 (N-CH,), 158.93 (HCOQ3). Single crystal X-ray
diffraction analysis: colorless plates; C7H;sNO3; MW 161.20; Monoclinic; P2i/n; a = 6.6199(6)
A; b=13.9451(12) A; ¢ = 9.2587(8) A; B = 101.760(2)%; V =836.8(1) A%; Z = 4; D¢ye = 1.280 g
cm™; Ry, wR; [1> 20(1)] = 0.0356, 0.0890; Ry, wR; (all data) = 0.0445, 0.0937.

Preparation of ILs from hydrogen carbonate IL precursors. In order to show the
possible synthetic applications of [HCOs]-based salts as IL precursors, the newly formed [1,2,3-
triMeIM][HCO;] and [N, N-diMePyr][HCO;] salts were reacted with a group of organic and
inorganic acids (HCI, HNO;, picric acid), and ammonium perchlorate ([NH4][ClO4]; considered
here as a very weak acid (pK,=9.2)).*° In all cases but one, [NH4][ClO4], the pK, values of the
acids were lower than that of H,COs (pKal=6.35),81 thus complete conversion was expected with
the formation of H,COs a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>